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A b stra ct
This thesis describes in detail the helicon wave excitation by an electrostatically 
shielded half-turn loop antenna, and the plasma formation by two different an­
tennas, an unshielded partial-turn loop antenna and double-saddle loop antenna 
in the SHEILA heliac. Plasma current driven by helicon waves and other non- 
inductive mechanisms is also studied.
A comparison between theoretical calculations and experimental measurements of 
helicon wave coupling by the shielded half-turn loop antenna is presented. Despite 
the complicated heliac geometry, the wave dispersion, field profiles and antenna 
radiation resistance can be well described by a cylindrical uniform plasma theory. 
In the investigation of the antenna radiation resistance, a simple formula relating 
the radiation resistance to the measured wave magnetic field per unit antenna 
current is derived and given. The scaling of these results to the Heliac-1 (H-l) a 
larger heliac, is discussed.
The unshielded partial-turn loop antenna and the double-saddle loop antenna 
are used for plasma formation by helicon waves. The density produced by the 
two antennas is compared with that produced by the double loop antenna alone. 
The wavefields and antenna radiation resistances of the two antennas are mea­
sured separately. It is found that the double loop antenna has a higher radiation 
resistance and much higher plasma generation efficiency. Even though the un­
shielded partial-turn loop antenna could only produce a very low density plasma 
at high power, it produces comparable wavefields to those of the double-saddle 
loop antenna in a high density plasma. This may suggest that the measured 
travelling wave fields play little role in the plasma formation and that the high 
density produced by the double-saddle loop antenna may be due to the effect 
of its strong near fields. The particle confinement time is also estimated from 
beating technique using two slightly different frequencies on the two antennas.
Net toroidal current has been observed in the SHEILA plasma. The current 
reverses its direction when the density is increased. It is suggested that the current 
in the high density regime is essentially driven by the excited helicon waves and
the current in the low density regime is caused by pressure-driven transport. The 
measured asymmetric radial profile of the current at low density may indicate a 
mixture of the uni-directional bootstrap current with the bi-directional Pfirsch- 
Schliiter current. These measurements are compared with theory and a reasonable 
agreement has been obtained.
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C hapter 1
In trod u ction
The study of plasma physics in the pursuit of controlled thermonuclear fusion, 
which has become its primary purpose, is directed into two main areas, heating 
and confinement. For these purposes, a variety of hot plasma confinement devices 
has been developed and investigated, such as the tokamak, the stellarator, the 
mirror and the spheromak, the ö-pinch, etc.. In these devices, a strong magnetic 
field is needed to confine the plasma particles. Toroidal machines have recently 
dominated fusion plasma research by virtue of their better plasma confinement, 
particularly in tokamaks into which the greatest effort has been put and in which 
the highest plasma param eters have been obtained.
The confinement magnetic field geometry in a tokamak is produced by a toroidal 
field generated by external coils and a poloidal field which is provided by a cir­
culating, inductively produced plasma current. The plasma current serves the 
additional purpose of ohmically heating the plasma. This current may however 
also produce a disruptive instability which suddenly term inates the plasma. Since 
the plasma current profile is not easily controlled in a tokamak, the magnetic con­
figuration is essentially unknown, so tha t the role of magnetic configuration on 
stability and transport can not be studied systematically.
The fundamental advantages of stellarators have caused the stellarator to regain 
its interest to plasma physicists in recent years [1]. The stellarator confinement
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concept was initiated by Spitzer [2] in 1951 and up to 1968 this type of device 
was considered as the main candidate for thermonuclear fusion reactors. Since 
the development of the first 3-D magnetohydromagnetic (MHD) equilibrium and 
stability codes in 1980s, the stellarator is regarded as a suitable high tem pera­
ture plasma confinement geometry again. In general, the stellarator is a plasma 
current-free device and does not suffer from the plasma current disruption of a 
tokamak. The confinement magnetic field in a stellarator is established entirely 
by external field coils. The magnetic configuration and the plasma profiles can 
be controlled by adjusting currents in external magnetic field coils and, in the 
absence of finite-pressure plasma, can be predicted quite accurately. The stellara­
tor can be designed to operate continuously. These features make it much easier 
to investigate plasma transport, MHD equilibrium and stability in this type of 
device. High beta operation may be another advantage of stellarators, and is 
im portant for effective operation of a commercial fusion reactor.
One of the most im portant topics for stellarators is to investigate the effect on 
the plasma confinement properties of various quantities used to characterize the 
configuration. There are four main types of stellarator configurations [3, 4, 5, 6] 
currently under active investigation [1]. These configurations differ from each 
other by emphasizing different field characteristics, such as the rotational trans­
form per field period, the shear of the magnetic field lines and the sign and depth 
of any magnetic well etc.. The helical axis stellarator, or heliac, is one of these 
types of stellarator.
In heliac devices, such as SHEILA [2], H-l [8], and TJ-II [9] (under construction 
in Spain), the magnetic configurations feature a helical axis, a large rotational 
transform per field period, a low shear and generally a substantial global mean 
magnetic well. The magnetic geometry, especially the ‘flexible1 heliac [10], has 
a high degree of tunability with the vacuum magnetic well, rotational transform 
and magnetic shear controlled almost independently by adjusting the currents in 
the external coils. These distinguishing features and advantages provide heliacs 
with unique capabilities for investigation of MHD instabilities and their effects
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on plasma transport.
SHEILA was the first toroidal heliac plasma device in the world. Since the first 
operation of SHEILA in 1984. many interesting experiments have been conducted 
on it, including the electron beam mapping of the magnetic flux surfaces [6, 7], the 
studies of the effect of the heliac plasma configurations [3, 4, 5] on confinement, 
and on the drift waves [16], studies of the property of the plasma formation by 
microwaves [17] and helicon waves [47, 19], the helicon wave induced plasma 
transport [20, 21, 23] and current drive [24, 25] (described in Chapter 5), the 
antenna-wave coupling behaviour in the SHEILA plasma (described in Chapter 
3 and 4), observation of the neoclassical current (described in Chapter 5). All 
these studies have provided a better understanding of heliac plasma physics, the 
heliac magnetic configuration and plasma wave physics.
Helicon waves are right-hand polarized electromagnetic waves with an angular 
frequency range u;ct <C to <C u;ce. The waves have been studied since the early 
1960’s. Aigrain first described features of these waves propagating in semiconduc­
tors [25]. After this, experimental studies of the helicon waves in semiconductor 
medium were carried out [26, 27, 28]. In 1964 Lehane and Thonemann experi­
mentally [29] studied the propagation properties of helicon waves in a cylindrical 
gaseous plasma while Klozenberg, et al. conducted a theoretical investigation 
which described the waves in a uniform cylindrical gaseous plasma [30] in de­
tail. For broader and deeper understanding of the waves, a number of theoretical 
treatments of the waves in plasma were further developed [6, 32, 33, 34, 35, 36]. 
Since Boswell found in 1970 that a helicon wave could produce a relatively dense 
plasma in a magnetized column [37, 38], the waves have been used as a source 
of high density plasmas [47, 39, 40, 41] in various applications [37, 43, 48]. In 
1991 Chen predicted that Landau damping is one important mechanism for he­
licon waves to transfer energy to plasma particles [6, 37, 45]. This has been 
supported by a number of experiments [47, 40, 41]. Recently, helicon wave asso­
ciated plasma transport and non-resonant current drive have also been actively 
discussed [23, 24, 25].
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Loewenhardt, et al. introduced helicon waves into the SHEILA plasma by using 
a double-saddle loop antenna [47]. This technique produced a plasma density 
up to 5 x l0 19 m-3 in SHEILA [47, 48]. This density is approximately ten times 
higher than the previous highest density produced by ohmic heating with low 
radio frequency (94 kHz) power (400 watts) [5]. The structure of the wave fields 
and some of their propagation properties were investigated. The phase velocity 
derived from parallel wavelength indicated that there was Landau damping of the 
excited helicon waves in some cases.
The work presented in this thesis discusses helicon wave excitation by an electro­
statically shielded half-turn loop antenna; comparison of plasma formation and 
wave fields by two different antennas, the double-saddle loop antenna and an un­
shielded partial-turn loop antenna; helicon wave current drive and measurements 
of the neoclassical current in SHEILA.
Electrostatically shielded partial-turn loop antennas are widely used for Ion Cy­
clotron Resonance Heating (ICRH) for thermonuclear plasma research [46, 47, 48]. 
There is a large database available from ICRH experiments, particularly from 
tokamaks. Some stellarators have also employed this frequency range for plasma 
formation and heating purposes [49, 50, 51, 52, 53]. The H-l device has been 
designed to heat its plasma using this technique and to investigate the physics of 
wave coupling into a heliac plasma. In preparation for this, this type of antenna 
has been studied in the small SHEILA heliac to explore some of the basic physics 
of the interaction of waves with a heliac plasma. Investigation of the propagation 
behaviour of the waves and the antenna-wave coupling properties have been made 
for this antenna in SHEILA. The application of these results to H-l is expected.
The existence and magnitude of any toroidal plasma current are important con­
cerns in a stellarator. In a stellarator system, one usually tries to avoid any large 
current. In contrast, whereas various techniques have been specially developed 
to drive a toroidal current in a tokamak [54, 55, 56, 11, 12]. In stellarators how­
ever, the methods used to create and heat plasma often produce such currents 
which have been observed in the stellarators [59, 60, 61, 62, 5, 64] as well as in
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SHEILA. Since plasma current introduces an extra magnetic field components 
which can deteriorate the original magnetic field configuration in otherwise care­
fully designed stellarators, it is necessary to understand the mechanisms which 
cause any currents arising in this system. This may allow stellarator physicists 
to improve the design of a stellarator or to find a way to restrict or compensate 
the currents.
This thesis presents the recent studies in SHEILA. Chapter 2 gives a brief de­
scription of the SHEILA heliac system and describes the diagnostic techniques, 
which have been involved in these experiments. Chapter 3 describes the inves­
tigation of helicon waves excited by the electrostatically shielded half-turn loop 
antenna. The antenna-wave coupling properties are studied and a simple cylin­
drical model is developed. The eigenmodes of the wave fields are identified and 
the wave dispersion relation and the radiation resistance are measured in the 
range of frequencies 4 - 2 4  MHz, and compared with theory. An extension of 
this work to H-l is discussed in its last section. Chapter 4 presents the results 
of plasma production experiments conducted by the combined use of the double­
saddle loop antenna and the unshielded partial-turn loop antenna. The plasma 
density generated by the double-loop antenna is measured and the density per­
turbations introduced by the unshielded partial-turn loop antenna is observed. 
The wave fields and the radiation resistances of the two antennas are measured 
and compared. Chapter 5 studies the DC plasma currents observed in SHEILA 
and discusses the mechanisms that produce these currents.
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C hapter 2
E xp erim en ta l A p p aratu s and  
P la sm a  D iagn ostics
2.1 In trod u ction
This chapter describes the experimental apparatus used in the study of radio 
frequency plasma waves and the measurement of plasma currents in SHEILA. 
The first section describes the SHEILA heliac device and its magnetic configura­
tion. The second section gives a brief description of the wave excitation systems. 
Finally, section 3 describes the plasma diagnostics involved in the experiment.
SHEILA is a prototype heliac stellarator, designed for the studies of fundamental 
plasma behaviour of relevance to nuclear fusion. Some of the main operating 
param eters of the SHEILA heliac are listed in Table 2.1.
Table 2.1 TY PIC A L SHEILA PA RAM ETERS
M ain M agnetic Field: B0 < 2.5 kG
M ajor Plasm a Radius: R = 18.75 cm
Average M inor Radius: ä = 3.5 cm
Plasm a Density: ne <  3.2 x 1013 cm -3
Electron Temperature: Te =  5.0 eV
Plasm a Duration: t  = 20 m s
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The SHEILA plasma is generated by a double-saddle loop antenna described in 
section 2.3.2, with a low frequency power supply (200 watts at 100 kHz) used for 
the plasma start-up or pre-ionization.
2.2 SH EILA
2.2 .1  T h e  M a g n etic  F ie ld  S y stem
Figure 2.1 shows the construction of the SHEILA heliac. The main magnetic field 
coils are accommodated inside a stainless-steel vacuum chamber (diameter 0.65 
m, height 0.6 m, side-wall thickness 3.25 mm and lid thickness 25 mm). The coils 
are: a set of 24 toroidal field coils with 11 cm diameter circular apertures, a four- 
turn toroidally directed ring conductor (radius = 18.75 cm), a helical winding 
and two sets of vertical field coils with one set inside the vacuum vessel and the 
other outside.
The 24 toroidal field coils are mounted in such a way that their centers follow an 
m = 1 helix around the central circular ring conductor with a toroidal period of 
3 and produce a mainly toroidal magnetic field. The main poloidal component 
of the magnetic field is generated by the ring conductor. The helical winding is 
wound around and insulated from the central ring conductor, with its winding 
phase the same as that of the helix traced out by the centers of the toroidal 
coils. This helical winding provides considerable variation in the the rotational 
transform of the magnetic field configuration. The vertical field coils inside the 
vacuum tank are made from two single-turn coils with radii of 62.6 cm and located
19.2 cm above and 14.5 cm below the plane of the ring conductor. The vertical 
magnetic field provides in-out plasma position control. A fine adjustment to the 
vertical field comes from a pair of external vertical field coils which consist of 
two single-turn coils of radii 33.4 cm and are located 33.4 cm above and 12.7 cm 
below the same ring conductor plane. The overall view of the coil configuration 
of SHEILA is shown in figure 2.2
12
Transmission line
Upper radial arms
Helical Winding
0 10 20cm
Figure 2.1: A schematic diagram of the SHEILA heliac device.
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Figure 2.2: Overall view of the SHEILA coil configuration.
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With the arrangement of the magnetic field coils described above, the flux surface 
of SHEILA has a bean-shaped cross-section and twists around the ring conductor 
along the magnetic field. Figure 2.3 shows a typical ideal vacuum magnetic flux 
surface and the corresponding magnetic field lines. The flux surfaces cross-section 
of SHEILA at four different toroidal angles within one field period (<f> = 0,30°, 60° 
and 90°) are shown in figure 2.4, which are calculated by the HELIAC code [1]. 
The rotational transform l varies from 1.2 at the magnetic axis to 1.4 at the 
outermost flux surface for the SHEILA standard magnetic field configuration, 
which has no current in the helical winding. This standard geometry is used in 
all the experiments described in this thesis. The average radius of the last closed 
flux surface for the standard magnetic field geometry and the major plasma radius 
are 3.5 cm and 18.75 cm respectively as shown in Table 2.1. The profiles of the 
rotational transform and the magnetic well depth, and thus the shape of the 
magnetic flux surface in SHEILA can be varied by adjusting the ratio of the 
current in the helical coil Ih to that in the ring coils Ir. Detailed descriptions of
Figure 2.3: A typical vacuum magnetic field configuration of SHEILA. A 
bean-shaped cross-section at (j> = 220° is shown below.
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a)
b)
Figure 2.4: Bean-shaped cross-sections of vacuum magnetic flux surfaces 
at 4> = 0 and 60° (a) and at <p = 30 and 90° (b) respectively. Apertures of 
the toroidal field coils are shown for comparison.
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the SHEILA magnetic field geometry as a function of I r / I h  are found in references 
[2, 3, 4, 5]. For the standard configuration, the maximum magnetic well depth 
on the last closed surface is about 4.5%.
The availability of the heliac configuration favours the studies of plasma confine­
ment, stability and equilibrium. Magnetic field mapping experiments in SHEILA 
[6, 7] indicate that the measured magnetic field flux surfaces are in good agree­
ment with theory. Field errors due to mis-alignment of the coils are negligible in 
the standard configuration.
2.2.2 Ancillary Equipm ent
Two capacitor banks (2 mF and 5 mF; 10 kV maximum) connected via a non- 
cored transformer supply a maximum of 5 kA pulsed electrical current for the 
magnetic field. Peak magnetic fields of 2.5 kG are available in a pulse duration of 
50 ms. However, the device operates very reproducibly when the peak magnetic 
field is below 1.8 kG. The magnetic field coils are connected in series in order to 
m aintain the magnetic field geometry as constant as possible during the pulse. 
Two variable current shunt resistors are used in the electrical circuit of the mag­
netic field to allow the adjustm ent of the relative currents in the helical winding 
and the outer vertical field coils.
The vacuum tank is evacuated by a two stage rotary pump with a pumping speed 
of 8.2 1/s and an oil diffusion pump with a speed of 350 1/s. The base pressure 
of the vacuum vessel is between 10-5 and 10~6 torr. A needle valve controls 
the filling gas pressures, up to 5 x 10-3 torr in these experiments. Two vacuum 
gauges, a Model 275 Convectron gauge and an ionization gauge, are used for 
monitoring gas pressure in a low (>  10~3 torr) and a high (< 10-3 torr) vacuum 
respectively.
Since rf power is applied in the experiment, some radiated rf power may intro­
duce rf currents flowing around the magnetic field coils and the other supporting 
structures in the vacuum vessel. This current, thereafter, could carry a strong
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antenna-near-field signal to the magnetic field probes and cause a significant error 
in the plasma wave field data. In order to suppress the coupling of the rf fields 
to coils, there are about 30 RC {R=l fb (7=1 nF) series rf snubbers connected 
between the coils and earth. The rf snubbers reduce the coupling to the coils by 
about a factor of 10 in the range 1- 30  MHz.
2.3 R adio  F requency S ystem s for P la sm a  For­
m ation  and W ave C oupling
2.3.1 Introduction
Three different antennas are used in the experiments, an electrostatically shielded 
half-turn loop antenna, an unshielded partial-turn loop antenna and a double­
saddle loop antenna, used for both high and low power helicon wave excitation. 
The electrostatically shielded antenna is used for the study of wave propagation. 
The other two antennas are primarily used for the comparison of the antenna-wave 
coupling efficiencies due to different antenna geometries and for understanding of 
the mechanisms of plasma production by helicon waves. Detailed descriptions of 
the three antenna and the associated rf systems will be presented in the following 
subsections.
2.3.2 RF A ntennas
Electrically Shielded Half-Turn Loop Antenna. The electrostatically shielded 
half-turn loop antenna consists of a copper loop of poloidal length 120 mm, axial 
width 8.5 mm and average radial spacing 4.2 mm, as shown in figure 2.5. The 
antenna is installed at a 0=75° port in SHEILA and extends for half the poloidal 
circumference of the local plasma cross section. The shield is made from slotted 
stainless steel foil and is opaque to plasma along the toroidal magnetic field lines.
This type of antenna is commonly employed in Ion Cyclotron Resonance Heating
18
Return Conductor
Figure 2.5: A diagram of the electrostatically shielded half-turn loop an­
tenna used in SHEILA.
(ICRH) in thermonuclear plasma experiments [8, 9, 10, 11]. This antenna pro­
duces an oscillating magnetic near-field, parallel to the steady toroidal field lines 
[12, 13]. The electrical shield acts to short out the E\\ component of the wave 
field thereby minimizing electrostatic wave excitation in the plasma periphery. 
This should also reduce power losses at the plasma antenna interface due to the 
sheath effect.
The vacuum power spectrum  of this type of antenna can be easily analyzed for 
an assumed antenna current distribution. The antenna current distribution can 
be expressed in a general form as [14],
l a m  =  IoP(0)T(z)  (2.1)
where 70 is the peak antenna current, P{0) is the poloidal current distribution, 
and T(z)  is the toroidal current distribution of the antenna. In the experiment, 
the poloidal and toroidal dependences are assumed as follows,
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0 otherwise
A constant P(0) accounts for the much shorter physical length of the antenna 
center conductor (12 cm), compared with the free-space radio frequency wave 
length (>  10 m) for f  < 30 MHz. The T(z)  function is chosen so that the current 
distribution peaks at the edges of the antenna to approximate the redistribution 
of current so that the magnetic component of B  normal to the surface of the 
antenna strap is zero, and w is the half-width of the central conductor of the 
antenna. The functions P(0) and T(z)  are plotted in the inset of figure 2.6. For 
these distributions the corresponding Fourier components of the current are
sin2 Y
(2f)2 (2.4)
|Tm|2 =  ± - J 20(kzw)  (2.5)
Z7T
Figures 2.6 (a) and (b) plot respectively the poloidal and toroidal power spectra 
of the antenna in a vacuum. It can be seen that rf energy is mainly coupled 
into the m — 0 and m = ±  1 azim uthal eigenmodes by the antenna. The width 
of the toroidal k\\ spectrum  is very broad and peaks at k\\ =  0, corresponding 
to an infinite parallel wavelength, with a —3 dB point at fey =  150 m _1. The 
radiated power spectra in a plasma could be very different and will depend on 
the plasma-wave coupling and boundary conditions.
- 1.0 0
- 1 0 0 0  - 5 0 0  0 500  1000
kll ( m ' 1)
—n / 2 0  n / 2
Poloidal Mode Number m
Figure 2.6: The electrostatically half-turn loop antenna power spectrum 
for SHEILA, (a) Toroidal power spectrum |Tm|2 versus k z for the assumed 
toroidal antenna current distribution (inset), (b) Poloidal power spectrum 
|Pm|2 versus m for the assumed flat current (inset).
The design of this antenna, and the limited space available prevented its use at 
high power for plasma production. Instead, such experiments were conducted 
with the two following antennas.
Unshielded Partial-Turn Loop Antenna. The unshielded partial-turn loop 
antenna has almost the same size as the shielded one discussed above, but has no 
electrostatic shielding. The radial distance between the central conductor and the 
return conductor is 30 mm instead of 4.2 mm for the shielded antenna. Since high
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Figure 2.7: The unshielded partial-turn antenna configuration in SHEILA.
rf power is applied to this antenna, a silver coating protected by Ti-N film has 
been used to minimize rf power dissipation. The unshielded antenna is located 
at the 150° port and is fed via a coaxial cable: its center conductor subtends half 
the poloidal peripheries of the plasma. To limit the rf plasma sheath current, 
the antenna is electrically insulated from the plasma by about 10 layers of teflon 
tape. Similar current distributions and vacuum radiated power spectra would be 
expected for the shielded antenna.
D ou b le-S ad d le Loop A ntenna. The double-saddle loop antenna [15] is ap­
proximately 16 cm long and wound from one piece of 3.4 mm diameter enamelled 
copper wire as a double-saddle coil and located outside the plasma with the planes 
of the two coils being twisted so as to follow the local field lines of the outermost 
closed flux surface (figure 2.8). It is situated at port 120° (see figure 2.11) and 
connected to the matching network through two vacuum feedthroughs. The an­
tenna is electrically floated with respect to the SHEILA vacuum chamber and the 
wire is covered with 2 - 3  layers of ‘K apton1 tape so as to be properly insulated 
from the plasma. The excited rf oscillating magnetic field is mainly perpendicu­
lar to the plasma axis. The double-saddle loop antenna is not only used for the 
comparative studies of wave-plasma coupling, but it also plays a major role in 
plasma production in the experiment.
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* ♦
Figure 2.8: Basic shape of the double-saddle loop antenna used in the 
plasma formation in SHEILA.
2.3.3 Radio Frequency Equipm ent
In the wave propagation experiment, a Kenwood TS-440S rf transceiver is used 
as the rf source. It delivers up to 150 watts power to the electrostatically shielded 
antenna.
For the two antenna experiments, two separate rf sources and amplifier systems 
are employed in most of the experiments, one system producing up to 2.7 kW 
output of rf power and the other up to 4.8 kW. The rf power amplifier chain is 
shown in figure 2.9. An intermediate amplifier (Kenwood TL-922) has a gain of 
5 - 10 in power and is followed by a high power (Alpha 77DX) amplifier. The 
outputs of the high power amplifier are matched into the antennas by matching 
networks. The networks used in the experiments all consist of two variable capac­
itors connected in a pi-network [20]. The matching circuits could be connected 
in either of the ways shown in figure 2.10. The current transformer shown in the 
circuits will be described in section 2.4.4 in detail.
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Figure 2.9: Typical arrangement of the rf systems used for wave excitation 
in the SHEILA plasma.
In the last month of the two antenna experiment, a high power transm itter (30 
kW, 1-30 MHz) [16, 17] was connected to the unshielded half-turn loop antenna to 
obtain comparable wave fields to those excited by the double-saddle loop antenna. 
A maximum of 11 kW rf power was delivered into the antenna at 7 MHz.
In the two antenna experiment, investigations of plasma density modulation were 
made by phasing the currents in the two antennas. For this purpose, only one rf 
driver is used and its power split via an rf power splitter shown in figure 2.19. The 
two outputs of the splitter were then amplified by the two-stage linear amplihers 
as described above. The relative phase between the antennas was altered by 
changing the length of transmission line in one arm of the splitter.
All the rf suppliers mentioned above are operated in pulses of up to 20 ms duration 
except where otherwise stated. This pulse is adjusted to be simultaneous with 
the flat regime of the pulsed magnetic field. The frequencies of all the rf sources 
can be varied in the range ~  1 - 30 MHz.
Two rf directional couplers, a commercial unit (Narda) and one made in this lab­
oratory [18], are used in the experiments to monitor the forward and the reflected 
power. These signals are essential for the measurements of antenna loading dis­
cussed in section 2.4.4. The calibration factors of the two directional couplers 
have a strong dependence on frequency but not on power for the experimental rf
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Figure 2.10: Principal diagram of the matching circuits used.
power ranges. The sensitivities of the directional couplers against rf frequencies 
are carefully and absolutely calibrated.
2.4 D ia g n o s tic s
2.4 .1  In tro d u ctio n
In the experiments, the excited wave fields are detected by magnetic probes. In 
order to analyze the probe signals, a heterodyne detection system is used to mea­
sure the relative phase and amplitude of the signals. Rf current transformers are 
used to measure the rf currents flowing in each of the antennas. The measured 
current, together with the directional coupler data, allows an estimation of an­
tenna loading. An rf power splitter is used in the two antenna experiments. A 
Langmuir probe is used to measure the plasma density and temperature and their 
profiles. In the measurements of the plasma current, Rogowski coils are used to 
measure the currents in the plasma and/or to monitor the presence of any rec­
tified sheath current which passes though antenna leads. The relative location 
of some of the diagnostics in SHEILA are shown in figure 2.11. The following 
sections will describe these in detail.
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Visible Light 270° 
detector
Figure 2.11: The top view of SHEILA and the locations of diagnostics and 
the antennas.
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2 .4 .2  M a g n etic  P ro b es and S ignal P ro cess in g
Measurements are made using magnetic probes in an attempt to identify wave 
numbers of the eigenmodes and to measure radial structures of the waves. There 
is one three-component probe for a simultaneous measurements of (Br, Be and 
B z) and several probes which measure only one component of the wave fields. 
Generally, a signal measured by a magnetic probe is given by
V g ( 2 . 6 )
where n is the number of turns, dp j dt (P = A & ) is the rate of change of wave
field flux passing through the area A of the coil with a magnetic field strength B. 
For a sinusoidal rf field, this becomes
Vb = u AB  (2.7)
where u  is the angular frequency of the waves, Vb is amplitude. A probe coil may 
also pick up a signal due to capacitive coupling with the plasma. This electrostatic 
coupling may seriously affect the quality of the measured wave field data. If the 
electrostatic pick-up is Vg, then the total signal seen by the probe is V = Vb 
+ Vg. Sometimes Vfc is comparable or even greater than Vg, depending on the 
plasma potential, the coil size and the electrical shielding around the probe. In 
order to remove the electrostatic component, a hybrid combiner [19, 20] was built 
and connected to each of the probes to reject the electrical pick-up.
A circuit diagram of the hybrid combiner is given in figure 2.12. The combiner 
uses three identical coils, each with 8 turns, trifilar wound on a toroidal ferrite 
core. The three wires are twisted together before being wound onto the core to 
improve their coupling. When a magnetic probe is connected, L\ and L2 see 
the signals Vg + Vg and Vg - Vg respectively. The electrostatic signals at both 
ends of the probe coil have the same sign while the signs of the magnetic signals 
are opposite. The two input signals are then summed at the L\-L2 output and 
subtracted at the T3 output to give 2Vg and Vg respectively.
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Figure 2.12: A diagram of the three-component magnetic probe and mag­
netic probe signal process circuits involved in the wave measurements in 
SHEILA.
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Figure 2.13: An example result of calibrations of magnetic probes by a 
Helmholtz coil. The measured sensitivity (mV/gauss) of a magnetic probe 
as a function of rf frequency is shown.
After signal processing by the circuit, a typical output of a magnetic probe as a 
function of frequency is plotted in figure 2.13. The output was obtained when 
the probe was calibrated against a Helmholtz coil. According to these results, 
the probe has a response which is linear in frequency to at least 28 MHz.
An experiment was performed to compare the electrostatic pick-up of the probe 
connected to the hybrid combiner with that of probe without the combiner [21]. 
It was found that the electrostatic rejection in the first case was improved by at 
least a factor of 20 over the second case in the frequency range 1- 30 MHz. This 
measurement was carried out using a 12-mm-diam metal potential cup with in­
ternal insulation 2.14. The insulation has a 7-mm-diam hole along the axis of the 
cup to allow a probe access to the center of the cup. The apparatus is enclosed
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Figure 2.14: Construction of the electrical potential cup used for the ca­
pacitive pickup test of the magnetic probes.
in a grounded metal box with coaxial signal feeds to reduce interference from 
signals propagating along the coaxial cable’s outer conductor and to stop such 
currents penetrating into the measurement circuit in any case. This arrangement 
corresponds to experimental situations of a probe in plasma. It is also realized 
from the measurement that the capacitive signal still has some effect on the out­
put of the magnetic component when using the hybrid combiner. However, the 
magnetic output (T3)only shows a one-tenth magnitude of the electrical compo­
nent. This could provide a clue that as long as the magnetic component in the 
probes is much greater than one-tenth of the the electrical signal, the wave data 
may still be trustworthy.
In the three-component magnetic probe, each component consists of a 5-turn coil 
of 0.1 mm diameter enamelled copper wire. Three orthogonal coils are wound on a 
plastic former perpendicular to each other. Cross-talk due to non-orthogonality 
amounts to about 7.0% at 18 MHz. The single probes consists of a 20 turn 
coil made of 0.04 mm diameter copper wire. All these probes have an overall 
dimension less than 3 mm. This allows good spatial resolution and frequency 
response. The measured wavelengths in the experiments are much larger than 
the probe size so that the measured wave fields across the dimensions of the probes 
can be considered approximately uniform. The coil leads of the probes are twisted 
and fed through an earthed copper tube to minimize electrical pick-up.
The three-component probe is inserted at the <f> =  0° port to measure the radial
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structure of the fields. (Br , Be, Bz). One single probe (Bz) is located at the 
150° port for an azimuthal scan of Bz component of the wavefield. The Bz probe 
can be moved poloidally on magnetic flux surfaces guided by a 2-D manipulator 
[5]. several other probes were located at various toroidal locations to measure the 
parallel wavelength. All the probes enter the plasma through glass tubes. These 
glass tubes are radially movable and have diameters of 6 - 8 mm. This allows a 
convenient radial scan of the wave fields.
When making an azimuthal scan, it is found that the plasma density decreases 
significantly when the probe reaches the inner side of the magnetic flux surfaces. 
The plasma density drops because the glass tube and the shielding intersects a 
large section of the plasma. The 150° port is very close to the plasma generation 
antenna at the 120° port. In the discussion of the azimuthal scan measurements 
to be presented, only the unperturbed data will be provided, which correspond 
to the data obtained along the low field side part of the flux surface.
In the shielded antenna experiment, a notch filter and a high-pass filter are also 
used in the probe signal processing after the hybrid combiner. The notch filter 
suppresses the high power signal at 7 MHz, coming from the plasma generation 
source (the double-saddle loop antenna). An attenuation of 50 - 60 dB of the 
signal at 7 MHz is so obtained. The high-pass filter reduces the signal at 100 kHz 
from the ohmic power to a negligible level. These circuits are shown in figure 2.12.
2 .4 .3  M a g n etic  P ro b e  S ignal A n a ly s is  S y ste m
An 8-channel quadrature detection system [22] is used to analyze the probe signals 
for relative phase and magnitude of the wave fields. A block diagram of one of 
the channels of the detection system is shown in figure 2.15. A local oscillator 
signal (reference signal) is obtained from a two-stage rf voltage divider of 40 : 1 
( 8 : 1  and 5 : 1 for the two stages respectively) connected in the transmission 
line as indicated in figure 2.9. The reference signal is fed into a phase shifter 
which produces two signals at its output with 90° phase separation. The output
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Figure 2.15: Circuit diagram of the rf wave signal analyzer system
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signals and a magnetic probe signal are mixed by two identical mixers (LM 1469 
N) which act as signal multipliers. The two mixers then produce Tsin(0) and 
,4cos($) as their outputs, with which the phase (0) and the magnitude of the 
probe signal can be obtained. In the circuit, there are two output amplifiers, 
one with an upper 3 dB frequency of 10 kHz and the other at 100 kHz. These 
two low pass filters filter the output to eliminate spurious rf mixer products, can 
be selected according to requirement. Since several amplifiers are involved, an 
approximate gain of 19.8 occurs between the input (rf magnitude) and the ldc' 
output.
The 90° phase shifter has a significant error over the frequency range 1 - 3 0  MHz 
(as much as 22° !). Care is taken to calibrate the detection system and to measure
0 f o r  7 MHZ 
A fo r  28 MHZ
) 200 ;
Calculated Phase (deg)
Figure 2.16: The detected phases with the error corrections are plotted 
against the calculated phases for the rf detector.
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the phase error at each frequency (1 - 30 MHz) used in the experiments. These 
errors are taken into account in data analysis. After calibration, a reasonable 
agreement between the expected phase produced by varying the length of a coaxial 
cable and the measured phase is obtained and presented in figure 2.16.
The outputs A sin(0) and A cos(0) of the detection system are connected to a data 
acquisition system. The DC outputs are digitized by 8212A CAMAC controlled 
analogue to digital converters with 12 bit resolution. Normally, a 10 kHz clock 
rate (40 kHz for rf current drive data) is used for the digitization, with the 
system being triggered just before the rf pulse. A Vax workstation is connected 
to store and analyze digitized data. IDL (Interactive Data Language) software 
in conjunction with the MDS data system is used to implement data plotting 
facilities and data analysis, including calibration of phase and magnitude. Some 
slow signals, such as the plasma density and the confinement magnetic field, etc. 
are digitized by a slower digitizer system, CAMAC 8212 with a sampling rate of
2 .4 .4  M ea su rem en ts  o f  A n ten n a  L oading
In the experiments, the antenna loading is obtained by the following formula
where R  in the antenna loading, including the rf power dissipation in the trans­
mission network, the antenna conductor and the plasma. Pj and Pr are the for­
ward and reflected power, and /ant is the rms antenna current, which is assumed 
constant along the length of the antenna in the experiment.
The plasma loading is calculated by
where Rv is the antenna loading, measured in vacuum, representing the rf power
5 kHz.
( 2 .8 )
(2.9)
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losses. Theoretically the vacuum loading is proportional to \ f ]  and it is assumed 
not to change in the presence of plasma.
The forward and reflected powers are measured at the input to the matching 
network by a directional coupler. The antenna current is measured by a cur­
rent transformer [20] connected to the antenna lead. A schematic of the current 
transformer is shown in figure 2.17.
The antenna current diagnostics consists of two-stages with 27 turn current trans­
former encircling the antenna feeder and a 6 turn isolation transformer. The 27- 
turn coil is wound on a toroidal ferrite core with a high permeability fir and picks 
up the magnetic flux produced by the antenna current. Ri and R 2 are current 
sensing resistors. The second stage transformer rejects electrostatic coupling to 
the windings of the current transformer. The resistors R 3 and R 4 in the circuit 
allow an adjustm ent of the overall gain of the current transformer.
From Ampere’s law, the magnetic field B in the ferrite core is related to the 
current /  through the center of the core and the current i in the windings of the 
current transformer by
Figure 2.17: A schematic of current transformers used in the measurements 
of the antenna currents.
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( 2 . 10)I  Bd\  =  fiQHr{I — ni]
Also the e.m.f. output of the transformer is given by
d / B - d A
£ = —n ------ -------
dt
where A  is the area of the coil, u; is the angular frequency, dB/ dt is the rate of 
time change of the magnetic field. Assuming a uniform magnetic field in the core, 
then, e — ntoAB. When a resistor R is connected to the output, we have V = iR, 
where V  is the output voltage. From the above discussion, the dependence of the 
output on the antenna current is
/  -
n l
R  nfio/drUjA
V ( 2 . 12)
where / is the circumference of the torus axis, /i0 a n d ^ ^  are the magnetic per­
meabilities of vacuum and the medium respectively. It is obvious that a fre­
quency independent relation between the output voltage V and /  is obtained if 
n 2 Rl/ fi0firujA. This is readily satisfied in the experimental frequency range 
with properly chosen parameters. One therefore assume I  ~  i N  in equation 2.10. 
The current transformer has such a high reactance that the magnetic flux gener­
ated by the induced current i in the coil cancels tha t produced by the current, 
/ .
There are three current transformers used, one connected to each of the antennas. 
Their calibration factors are 16 A/V, 10 A/V,  20.5 A/V  for the double-saddle loop, 
the shielded and unshielded antennas respectively. The two directional couplers 
described before provide the measurements of the forward and reflected power in 
the transmission lines.
Since the plasma loading Rv may be small, care has been taken to check the 
validity of the measured data, by putting a resistor r  in parallel with the antenna
36
cn
E 5000
7 MHz4000
3000
2000
1000
1000 2000 3000
Resistor (ohms)
50004000
1500
o 1000
5 10 15 20 25
Frequency (MHz)
Figure 2.18: The calibration results of the antenna loadings for the double­
saddle loop antenna and for the electrostatically shielded antenna are given 
in (a) and (b) respectively, (a) shows the resistance values derived from 
the measured loadings as a function of the values of the resistors, (b) plots 
the derived resistances versus rf frequency while the value of the connected 
resistor is not changed. For the later case, the calibration was made to 
two different resistors, 470 ohms and 1000 ohms respectively as indicated 
in (b).
conductors, and measuring the antenna loading, then comparing the vacuum 
loading and the loading with the resistor present. It is expected tha t an extra 
loading A R = (ujL)2/r  should be added to the vacuum loading R v, where L is the 
antenna inductance. Figure 2.18 (a) gives examples of good agreement between 
the resistance values derived from the measurement and the resistor values r 
connected to the double-saddle loop antennas.
It was noted tha t a significant error occured to the measured antenna current,
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particularly at high frequency, due to the existence of an approximately 90 cm 
length of transmission line between the antenna and the current transformer. 
The transmission line can cause an underestimation of the antenna current. The 
resultant error in the antenna current measurement was calculated at each rf 
frequency by solving the transmission line equation [20] and compensated in the 
data analysis program. Figure 2.18 (b) shows an agreement between the con­
nected resistor values and that derived from the measurement after the effect of 
the transmission line is taken into account.
2 .4 .5  R F  P ow er S p litter
In the two antenna experiments, the plasma is sometimes formed with two an­
tennas. A single low level rf oscillation source is used; the signal is split into two 
parts before amplification and delivered to the two antennas.
The rf power splitter used in the experiment is simply a 1 : 2 transmission line 
balun. It is a member of a more general class of impedance transforming baluns 
[25] and works well in the frequency range of 5 - 40 MHz [24]. A diagram of 
the circuit is sketched in figure 2.19. The splitter consists of three coaxial cables
30 cm
Figure 2.19: A coaxial cable version of the rf power splitter used in the 
experiments.
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(RG 59) with identical length (30 cm) and characteristic impedance Zo =  75 12, 
each wound on a toroidal magnetic ferrite core to restrict the current flow on 
the outside of the coaxial braids. This improves the core frequency performance. 
High power operation necessitates the use of many ferrites and high power cable. 
As a result, usual 1:2 baluns based on the Ruthroff transmission line transformer 
[26] tend to have non-uniform frequency response as a result of currents being 
summed at circuit nodes after unequal phase delays along finite length cable in 
the high frequency range. The balun of figure 2.19 avoids this problem by only 
summing currents at nodes of equal phase delay. W ith the connection shown in 
the figure, an input rf power is split by the system into two outputs, and the 
input is matched provided that the outputs are term inated correctly (in 5012).
Theoretically, it is found [19, 24], in such an arrangem ent, that the impedance 
transformation (Ztn /  Zout) is 4 : 9 regardless of the length of the identical cables. 
The input impedance Zin =  2Zo/3 =  50 12 and the total output impedance is 
Z 0ut =  9 Zin/ 4 =  112.5 12. In the experiment, however, the splitter has an input 
impedance 53 12 measured, which is close to 50 12, but the measured total output 
impedances are 100 12. However, these errors do not affect the experimental 
performance appreciably.
2 .4 .6  R ogow sk i C o il
Two Rogowski coils are used in the measurements of the plasma currents in 
SHEILA. A bean-shaped coil surrounds the last magnetic flux surface in SHEILA 
and measures the net currents in the toroidal direction. A small circular coil 
provides measurement of profiles of local current density.
The schematic of the bean-shaped coil is drawn in figure 2.20. The coil consists 
of 900 turns of copper wire (0 =  0.1 mm) wound on a bean-shaped glass tube 
1.0 cm in diameter. The inductance and resistance of the coil are measured to 
be 286 //H and 20 ohms separately. A one-turn return wire is wound back from 
the center of the glass to reject the induced e. m. f. arising from magnetic flux
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Figure 2.20: Diagram of the bean-shaped Rogowski coil in SHEILA.
changes linking the bean-shaped coil. The sensitivity of the coil is absolutely 
calibrated by a known pulsed current and is found to be 1.83x10“ ' Vs/A. The 
calibration data are plotted in figure 2.21, where the upper curve is the pulsed 
current fixed at 1.0 A and the bottom curve is the coil output.
The coil is totally covered by insulating teflon tape and is then painted in ceramic 
to avoid any current conduction to the plasma. The coil is situated at the 240° 
port.
The vertical and helical fields may induce very large signals on the output of the 
coil. To subtract the signals, another Rogowski coil is connected to the main 
power supply circuit, which introduces a signal with opposite sign but the same 
amplitude to subtract the noise signal. The signal is decreased to a small level 
by a 20 : 1 voltage divider before being used for the subtraction.
Since SHEILA is pulsed, the vertical fields may introduce an e. m. f. in the
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Figure 2.21: The output (b) of the bean-shaped Rogowski coil when a 
pulsed current (a) passes through the coil.
toroidal direction. This induced e. m. f. will drive a toroidal current in the 
plasma. It is found, however, that the e. m. f. is approximately 40 //V during 
the period of plasma duration, much too low to drive a current in the ampere 
range in the resistive plasma. To drive such a current, a toroidal electrical field 
of 0.1 V/m is necessary in most experimental conditions. In fact, we do not see 
any change in the measured current direction when we vary the timing of plasma 
pulse between the rise to the decay of the confinement magnetic field B0, even 
though the e. m. f. changes its direction in the plasma.
Ampere’s law given in equation 2.10 can also be used to describe the relation 
between the current passing through the Rogowski and the magnetic flux passing 
through the torus of the coil. The main differences between the current trans­
former described in section 2.4.4 and the Rogowski coil are that the Rogowski 
coil has to be designed so that its resistive part, R is much bigger than its reac-
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tive part, X  (=  jcoL), or X / R  <C 1, where X  and L are the reactance and the 
inductance of the coil respectively. In this case, the coil output would have a fast 
response to the passing current and gives a signal proportional to the derivative 
of the pulsed current. The voltage output can be written as [23],
v/ = <i> = ü M  
/
where $  is the magnetic flux enclosed in the cross section area A of the coil, / is 
the periphery of A , n is the number of turns in the coil and /i is the magnetic 
permeability, equal to the vacuum permeability fiQ in this experiment.
The round Rogowski coil is built in the exact same way as that for the bean­
shaped coil. The differences are tha t its size is smaller (toroidal radius 13 mm, 
poloidal radius 3.2 mm) and the number of the coil turns is 340, so that it is less 
sensitive than the bean-shaped coil. The coil is inserted in either the 30° port or 
the 210° port to confirm that the current is circulating.
2.4.7 Langmuir Probes
Measurements of the plasma density and electron tem perature are made using a 
Langmuir probe. The construction of the probe is show in figure 2.22. The probe 
is made from a 1 mm diam eter tungsten wire enclosed in a thin-walled silica tube. 
Only the 2 mm long tip of the tungsten wire is exposed to the plasma. The silica 
tube has a funnel shape near the tip of the probe intended to restrict pollution 
of the tip by sputtered m etal particles. The probe is located at the 0° port and 
accesses to the plasma through a sliding O-ring seal. This allows measurements 
of radial profile of density and tem perature.
For density measurement, the probe is biased to a large negative voltage (i.e. 
Vb ~  —135 V) so that only ions are a ttracted  to the probe and the measured 
current saturates. The ion saturation current corresponds to a measurement of 
plasma density. In order to obtain more accurate data, the probe was previously
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Figure 2.22: Structure of a Langmuir probe and its biasing circuit.
calibrated by comparison with double pass, 2 mm Michelson interferometer. A 
line-averaged density measured by the interferometer was compared with the 
line-average obtained by a radial scan of the Langmuir probe. It was found that 
for these conditions every 1 mA of ion saturation current drawn by the probe 
approximately corresponds to 1.62 x 1012 cm-3 at the magnetic axis of an argon 
plasma.
Plasma temperature is derived from the characteristic I  - V curves of the probe. 
As usual, the following equation is used to calculate the electron temperature 
[27, 28],
Te =
A V
ln lel — ln le 2
(2.14)
where Te is the electron temperature in eV, A V  is the bias voltage difference of 
the exponentially rising part of the measured probe current, and Ie\ and I e 2 are 
the corresponding currents at the two bias points. The bias voltage is provided by
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a ba tte ry  and adjusted in 15 volts by two m ulti-pol switches. The characteristic 
/  - V curves are thus obtained on a shot to shot basis.
44
B ib liog raphy
[1] Alicia Butcher Ehrhardt, ‘"HELIAC User’s Guide”, Princeton Plasma 
Physics Laboratory, Version 2 (1985).
[2] B. D. Blackwell, S. M. Hamberger, L. E. Sharp and X. H. Shi, Nuclear 
Fusion, 25 , 1485 (1985).
[3] B. D. Blackwell, S. M. Hamberger, L. E. Sharp, and X. H. Shi, Aust. J. 
Phys., 42 , 73 (1989).
[4] X. H. Shi, S. M. Hamberger, B. D. Blackwell, Nuclear Fusion 28 (5), 859 
(1988).
[5] Xuehua Shi, Ph.D. Thesis, Australian National University (1989).
[6] T. Y. Tou, B. D. Blackwell, and L. E. Sharp, Rev. Sei. Instrum. 62, 1149
(1991) .
[7] B. D. Blackwell, J. Howard, and R. B. Tumlos, Rev. Sei. Instrum. 63, 4725
(1992) .
[8] J. Jacquinot and JET Team, Plasma Physics and Contr. Fusion, 30 (11), 
1467 (1988).
[9] K. Odajima, et al., Proc. 11th Int. Conf. on Plasma Phys. and Contr. Nucl. 
Fus. Res. Kyoto, (IAEA, Vienna) I, 151 (1986).
[10] K. Steinmetz, et al., Nucl. Fusion, 29 , 277 (1989).
45
[11] R. R. VVeynants, et al., Proc 12th Int. Conf. on Plasma phys. and Nucl. Fus. 
Res. Nice, IAEA-CN/E-2-1 (IAEA, Vienna), (1988).
[12] R. R. Weynants, A. M. Messiaen, C. Leblud, and P. E. Vandenplas, in Heat­
ing in Toroidal Plasmas, II, CEC Pergamon, 487 (1980).
[13] A. M. Messiaen and R. R. Weynants, in Heating in Toroidal Plasmas, III, 
CEC Pergamon, 1107 (1982).
[14] Thompson Harold Roy, Jr, Ph. D. Thesis, Princeton University, 145 (1984).
[15] P. K. Loewenhardt, B. D. Blackwell, and S. M. Hamberger, Physics of Plas­
mas, 1 (4), 875 (1994).
[16] B. D. Blackwell, G. D. Conway, Stellarator Physics, Proc. 7th INT. Work­
shop on Stellarators, IAEA-TECDOC-558, Oak Ridge, Tennessee, (1989).
[17] G. G. Borg, B. D. Blackwell, D. L. Rudakov, D. Schneider, M. G. Shats, L. 
E. Sharp, B. C. Zhang, “H-l Radio Frequency System and Initial Studies of 
Plasma Formation”, accepted in Fusion Engineering and Design.
[18] G. D. Conway, “ECRH experiment with a 2.45 GHz magnetron", Australian 
National University report, ANU-PRL-TR 88/2b.
[19] G. G. Borg and T. Jahreis, Rev. Sei. Instrum., 65 (2), 449 (1994).
[20] Rodney Cross, An Introduction to Alfven Waves, (Adam Hilger, Bristol, and 
Philadelphia, 1988), pp. 185; pp 189; pp. 190; pp. 193; pp. 195.
[21] P. K. Loewenhardt, B. D. Blackwell and Beichao Zhang, Rev. Sei. Instrum., 
64 (11), 3334 (1993).
[22] Robert Dehner, Gerard Borg and B. Zhang, “An 8 Channel .4-40 MHZ Phase 
and Amplitude Detector for Plasma Wave Studies”, Australian National 
University, ANU-PRL-TR-92/3 (1992).
[23] I. H. Hutchinson, Principles of Plasma Diagnostics, (Cambridge University 
Press, New York, Melbourne 1987) pp. 10-15.
46
[24] T. Jahreis and G. G. Borg, “Design, Construction and Testing of a High 
Power Combine”, Australian National University, ANU-PRL-92/7.
[25] J. Sevick, Transmission line transformers, American Radio Relay League Inc. 
Newington, 1990.
[26] C. L. Ruthroff, Proc. IRE 47, 1337 (1959).
[27] Noah Hershkowitz, in Plasma Diagnostics, Discharge Parameters and Chem­
istry, Orlando Auciello and Daniel L. Flamm (eds.), 1st ed., (Academic Press, 
Inc., Boston 1989) I, pp. 113-183.
[28] N. Hershkowitz, M. H. Cho, C. H. Nam, and T. Intrator, Plasma Chem. and 
Plasma Proc. 8 (1), 35 (1988).
47
C hapter 3
H elicon  W ave E x cita tio n  and
P rop agation
3.1 In trod u ction
Experimental studies of helicon waves in SHEILA are presented in this chapter. 
Investigations of the nature of the waves excited by an electrostatically shielded 
half-turn loop antenna have been carried out. Although this type of antenna has 
been used in most types of toroidal device, such as tokamaks and stellarators, it 
is still interesting to study and understand the properties of waves excited in a 
toroidal heliac plasma, like in SHEILA.
The chapter is structured as follows. In section 2 the antenna-wave coupling the­
ory is derived and some theoretical curves are presented, for comparison with the 
experimental results. Experimental measurements, such as the wave dispersion, 
radial profiles of wave fields, identification of eigenmodes and antenna radiation 
resistance, etc., are presented in section 3. A brief discussion of conclusions is 
given in section 4. Since the plasma heating on H-l, a larger heliac, will be based 
on the the same type of antenna, the studies of the wave coupling in SHEILA 
are, to a large extent, directly related to those in H-l. A scaling of some of these 
results to H-l will therefore be also discussed in section 3.4.
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3 .2  T h e o r e t ic a l R e s u lts
3.2 .1  In tro d u ctio n
The helicon wave is a fast wave mode which propagates in the frequency range
ujci <C u  <C u ce where <jjci and u;ce are, respectively, the ion and electron cyclotron 
frequencies. The helicon wave belongs to the category of whistler waves, with 
the following differences. The helicon wave propagates in a bounded system in 
well-defined modes and no longer has a purely electromagnetic character; in con­
trast, the whistler waves propagate in plasma-filled free space and are right-hand 
circularly polarized electromagnetic waves. Helicon waves are of sufficiently low 
frequency that only the guiding center motions of the electron need be considered 
and their gyration effects can be neglected. The theory of helicon wave propaga­
tion has been discussed by many authors [1, 2, 3, 5, 6, 7, 8]. This work is extended 
here by calculating the coupling to helicon waves by the shielded half-turn loop 
antenna.
This section is organized as follows. In subsection 3.2.2, a general description of 
the characteristics of the helicon wave in SHEILA is given. Then the theoretical 
model used to estimate the radiation resistance of the antenna is developed. After 
this, the effect of the neutral gas on the radiation resistance is discussed.
3 .2 .2  H e lico n  W ave P ro p a g a tio n  in  SH E IL A
Maxwell’s equations for a cold plasma (Te = Tl — 0) are
(3.1)
V x B — ■ E (3.2)
where e is the dielectric tensor,
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£ =
ex —ie± 0 
ie± ex 0
0 0 eii
(3.3)
The elements of the dielectric tensor for a two-component plasma are listed below:
- f ,2 _
=
^ p i ^ c i  ^ p e ^ c e
u j ( u j 2 — u j 2t ) — i v 2e )
where the plasma frequency and cyclotron frequency for electrons and ions are
neqje
^t\e —
Qi,eE o 
mi,e
In the experiments, rf frequencies are in the range 1 - 30 MHz. For the typical 
SHEILA plasma parameters listed in Table 2.1, it is obvious that uj2 is much less 
than Upe and u^e, and therefore eq >  tx and e±. This corresponds physically 
to high parallel electron mobility. In fact, the electron motion along magnetic 
field lines is rapid enough to cancel perturbations in E\\ at these low frequencies. 
According to this argument, a major simplification can be made in the wave 
equation by setting E\\ = 0. This approximation decouples the fast and slow 
waves for a large range of plasma parameters except in the very low density edge 
region [14].
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Assuming that the wave fields vary in space as E± = Ej_0exp[i(kj_x + fcyz)], then 
the dispersion relation reduces to
(ex-wjj)
- i e ± (ex - n ] _ - n jj)
(3.4)
where ny = cfcy/u;, n± = ck^/u.  The determinant implies that two branches ot 
the waves would be expected, one being the fast wave branch and the other the 
slow wave branch. The perpendicular refractive index for the slow waves is
- - |r ( e* -  rcj|) (3.5)
This branch is evanescent for to > ujci and may be assumed to play no role in the 
transport of energy in the high density region of the plasma.
The other solution, which corresponds to the fast wave branch, is given by
n2
t-x -  K
(3.6)
The helicon wave lies on the the fast wave branch and is characterized by a large 
index of refraction, njj >  ex. By further restricting the frequency range of the 
helicon waves, u;ct u;ce, the dispersion relation for the helicon waves 3.6
can be written as
-\r — €j_
or
(3.7)
kf\k2i + k\\ —
ujuj:
LOrrC*
(3.8)
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The dispersion relation can be derived directly from a set of simplified wave 
field equations. According to Chen [Z], the simplified wave equations are of the 
following form
- w (3.9)
V x B = //oj (3.10)
E = j x B 0/en0 (3.11)
where no and Bo = B qz are the equilibrium plasma density and the steady 
magnetic field, and n ,B ,E , and j the perturbed density, magnetic and electric 
fields and current, respectively. In Maxwell’s equations, the displacement current 
is neglected as it is assumed that the phase velocity v$ of the waves is much 
less than the velocity of light c [1]. In equation 3.11, only the Hall term has 
been retained in the generalized Ohm’s law. In the particular frequency range of 
helicon waves, uoci u?ce, the electron mass can be neglected since lo <C o;ce,
and the ion can be considered as motionless assuming that v$ Va where V\ 
is the Alfven velocity. However, the effects of the finite electron mass and the 
ion motion on the dispersion relation will still be discussed and compared with 
that in the simple case of helicon waves in the following subsections. The plasma 
density radial profile may have effects on the wave field structures, wave-plasma 
coupling and dispersion relations [3], but a uniform plasma is assumed in the 
present analysis.
In a cylindrical and uniform geometry, the wave field can be written in the form
/ =  f{r)exp[i{m6 + k\\z -  ut)] (3.12)
m,fc||
where k\\ ~  kz is the axial wavenumber and m is the azimuthal mode number, 
equal to the number of wavelengths in a poloidal circumference, m can be any 
integer with the m = 0 mode being azimuthally symmetric.
From equations 3.9 - 3.11, one obtains the following equation:
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Figure 3.1: Radial variation of the m =  0 and m =  ±  1 modes for helicon 
waves in a cylindrical plasma of radius a =  6.0 cm with /  = 18 MHz. The- 
k || and k± values can be found in figure 3.2 and 3.3
V xB = aB (3.13)
where
_  id U2pe 
k\\ tdcec2
Taking curl of equation 3.13 gives,
V 2 B + a 2 B = 0
The equation describes the perturbed magnetic field distribution.
(3.14)
(3.15)
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From equation 3.15 one may write the z component in cylindrical coordinates as 
follows,
(3.16)
where m is the poloidal mode number. k± is the perpendicular wave number 
which is related to k\\ by
This equation is equivalent to equation 3.8 if a is replaced by equation 3.14 to 
obtain
It can be seen from this equation that if k± ~  const, is approximately propor­
tional to ne/ B 0 for fcjj <C k]_. This property will be confirmed by the experimental 
results given in section 3.3.4. The theoretical dependence of k\\ on ne/£?0 in the 
SHEILA plasma is plotted in figure 3.2, where k± values are obtained by solving 
equation 3.20. The corresponding k± values are plotted in figure 3.3.
By solving equation 3.16 to obtain the Bz component and then substituting the 
solution into equation 3.13, one can write the radial structures of the wave fields 
as,
where A is an arbitrary amplitude, which depends on the coupled rf power, J m is a 
Bessel function of the first kind and (') denotes d/dr.  Assuming the inner radius (6
a 2 = *jj + k]_ (3.17)
(3.18)
Bz = Aki_Jm(k±r)
(3.19)
54
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ne/BO (x 1 O’9 m'3r ’)
Figure 3.2: Variation of fc|| with ne/ B q for helicon waves in SHEILA with 
a uniform argon plasma and /  = 18 MHz. The corresponding is shown 
in figure 3.3.
— 6 cm) of the conducting toroidal magnetic field coils to be the plasma boundary, 
the relation Br(b) = 0 approximately holds at the conducting boundary, r — 6 cm. 
The values of k± in the dispersion relation (equation 3.18) would be determined 
by solving
maJm(k\\b) + k\\bj'm(k±b) = 0 (3.20)
For typical SHEILA parameters, the wave field components for the m = -fl, 0, — 1 
and first radial mode are shown in figure 3.1.
For the later convenience of comparison of dispersion relations, solutions of fcjj of 
equation 3.18 can be written as
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f = 18 MHz
m = +1
Figure 3.3: Variation of fcj_ with ne/ B q for helicon waves in SHEILA with 
a uniform plasma and /  = 18 MHz. The corresponding k|| is shown in 
figure 3.2.
kl = - 1 ± \J\ + ie2±(k0/k ±y (3.21)
where e± = u>^e/ijjijjce and the + sign describes the helicon waves and the - sign 
corresponds to the slow waves which are obviously evanescent, and will be ignored. 
It can be seen that for the helicon waves fcjj is always above zero so no cutoff will 
occur. Curves showing the wavenumber k\\ as a function of rf frequency are 
plotted in figure 3.4 for m = 0, ±1 modes in SHEILA with a plasma density, 
ne = 8.0 x 1018 m-3. The curves show that k\\ varies approximately as the square 
root of the rf frequency.
To check the validity of the approximations made for equation 3.8, the dispersion
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ne = 8.0x 1 O'8 m
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Frequency (MHz)
Figure 3.4: fcjj vs rf frequency for the SHEILA plasma of radius b =  6 cm, 
assuming ne = 8.0 X 1018 cm-3 , Bo =  0.14 T.
relation including the effects of ion motion and electron mass has to be compared 
with that for the simple case discussed above. These effects can be taken into 
account by modifying the Ohm’s law to include the electron inertia and the ion 
motion terms. For a cold and non-resistive plasma, Ohm’s law (equation 3.11) 
then becomes
E T V x Bo — j x Bo/erio H------ -7 — (3.22)
neez 0 1
where the second term on the left and the last term on the right represent the 
effects of ion motion and the electron mass respectively. For the sake of discussion 
convenience, the following sections will discuss these effects separately by adding 
either of the ion motion or electron inertia terms.
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3 .2 .3  E ffect o f  Ion  M o tio n  on th e  D isp ersio n  R e la tio n
To include the ion motion effect only, the Ohm’s law is of the form,
E + V x Bo = j x Bo/en0 
The dispersion relation for this situation [4 ] is
k\\ = D ~ *1/2 ±  (0 \D 2 + k4±/ i ) 2
where
(3.23)
(3.24)
D =
VK l - n ? ) (3.25)
where Va = B 2 /  ii0ntmi is the Alfven speed, = uj/uct. The + sign in equa­
tion 3.24 corresponds to torsional waves which propagate only below the ion 
cyclotron frequency and will not be considered here. The - sign describes the 
fast magnetosonic waves. These waves can propagate across the magnetic field 
to a high density region. The dispersion relation of the fast magnetosonic wave 
has been considered widely in ICRF experiments. To compare with the helicon 
wave dispersion relation, equation 3.8, the wave numbers k\\ for both the fast 
magnetosonic wave and the helicon waves are plotted in figure 3.5 using typical 
SHEILA parameters. The same boundary condition, equation 3.20, is used to 
restrict k±. The three figures are for m = 0, ±1, respectively and the high radial 
modes up to 5, or k±b = 3.83, 7.02,10.17,13.32,16.47, are calculated. According 
to figure 3.5 (a) - (c), there are no differences in the parallel wavenumbers (k\\) for 
rf frequencies greater than 10 MHz between the results with/without ion motion. 
Thus, for /  > 10 MHz the simple theoretical model which neglects ion motion is 
valid.
As is seen in the figure, the inclusion of the ion motion could cause the waves to 
cut off at certain low frequencies. The cut-off frequencies for the high radial modes
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Figure 3.5: Comparison of dispersion relation of the fast magnetosonic 
waves with that of the simple helicon waves in the SHEILA argon plasma 
for the m — 0,±1 poloidal modes with a uniform density ne = 8.0 X 1018 
m-3 , and Bo = 0.14 Tesla assumed. The first five high radial modes are 
plotted for each of the poloidal modes. The dashed lines show the dispersion 
relation for the helicon waves without the effect of ion motion, the solid lines 
for the fast magnetosonic waves with the effect considered.
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Table 3.1 Fast M agnetosonic W ave E igenm odes in SH EILA
(B0 (T), ne (cm-3)) (n, m) (Toroidal & Poloidal Wavenumber)
(0.06, 0.75 x  1012) (0 ,0 ) ,  ± ( 5 ,  - 3 ) ,  ± (1 0 ,  - 6 ) ,  ± ( 1 5 ,  - 9 ) ,  ± ( 2 0 ,  - 1 2 )
(0.08, 1.33 x  1012) (0 ,0 ) ,  ± ( 5 ,  - 3 ) ,  ± ( 1 0 ,  - 6 ) ,  ± (  15, - 9 ) ,  ± ( 2 0 ,  - 1 2 )
(0.10, 2.75 x  1012)
(0 ,0 ) ,  ± ( 2 , - 1 ) ,  ± ( 3 ,  - 2 ) ,  ± ( 5 ,  - 3 ) ,  ± ( 7 ,  - 4 ) ,  
± ( 8 ,  - 5 ) ,  ± ( 1 0 ,  - 6 ) ,  ± (1 2 ,  - 7 ) ,  ± ( 1 3 ,  - 8 ) ,  
± (1 5 ,  - 9 ) ,  ± (1 7 ,  - 1 0 ) ,  ± ( 1 8 , - 1 1 ) ,  ± ( 2 0 , - 1 2 )
(0.12, 6.50 x  1012)
(0 ,0 ) ,  ± ( 1 , - 1 ) ,  ± ( 2 ,  - 1 ) ,  ± ( 3 ,  - 2 ) ,  ± ( 4 ,  - 2 ) ,
± ( 5 ,  - 3 ) ,  ± ( 6 ,  - 4 ) ,  ± ( 7 ,  - 4 ) ,  ± ( 8 ,  - 5 ) ,  ± ( 9 ,  - 5 ) , ,  
± ( 1 0 ,  - 6 ) ,  ± ( 1 1 ,  - 7 ) ,  ± ( 1 2 ,  - 7 ) ,  ± (1 3 ,  - 8 ) ,
± ( 1 4 , - 8 ) ,  ± ( 1 5 , - 9 ) ,  ± ( 1 7 , - 1 0 ) ,  ± ( 1 8 , - 1 1 ) ,  
± ( 1 9 , - 1 1 ) , ± ( 2 0 . - 1 2 )
(0.14, 8.00 x  1012)
(0 ,0 ) ,  ± ( 1 , - 1 ) ,  ± ( 2 , - 1 ) ,  ± ( 3 , - 2 ) ,  ± ( 4 , - 2 ) ,  
± ( 5 ,  - 3 ) ,  ± ( 6 ,  - 4 ) ,  ± ( 7 ,  - 4 ) ,  ± ( 8 ,  - 5 ) ,  ± ( 9 ,  - 5 ) ,  
± ( 1 0 ,  - 6 ) ,  ± (1 1 ,  - 7 ) ,  ± ( 1 2 ,  - 7 ) ,  ± ( 1 3 ,  - 8 ) ,  
± ( 1 4 ,  - 8 ) ,  ± ( 1 5 ,  - 9 ) ,  ± ( 1 7 , - 1 0 ) ,  ± ( 1 8 , - 1 1 ) ,  
± ( 1 9 , - 1 1 ) ,  ± ( 2 0 , - 1 2 ) ,  ...
(0 .16, 9.25 x  1012)
(0 ,0 ) ,  ± ( 1 ,  - 1 ) ,  ± ( 2 ,  - 1 ) ,  ± ( 3 ,  - 2 ) ,  ± ( 4, - 2 ) ,  
± ( 5 ,  - 3 ) ,  ± ( 6 ,  - 4 ) ,  ± ( 7 ,  - 4 ) ,  ± ( 8 ,  - 5 ) ,  ± ( 9 ,  - 5 ) ,  
± (1 0 ,  - 6 ) ,  ± (1 1 ,  - 7 ) ,  ± ( 1 2 ,  - 7 ) ,  ± ( 1 3 ,  - 8 ) ,  
± ( 1 4 ,  - 8 ) ,  ± (1 5 ,  - 9 ) ,  ± ( 1 7 ,  - 1 0 ) ,  ± ( 1 8 ,  - 1 1 ) ,  
± ( 1 9 , - 1 1 ) , ± ( 2 0 , - 1 2 ) ,  ...
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are relatively high, compared with the first radial mode no matter which poloidal 
mode is considered. The qualitative reason for the cut-off is that the waves see 
plasma as a waveguide and the excited wave fields will decay exponentially if the 
wavelength is larger than the geometric size of the plasma diameter.
The propagating eigenmodes in SHEILA are tabulated in Table 3.1 for six sets of 
plasma densities and magnetic fields. These modes correspond to all positive ku 
with the rf frequency being fixed at 18 MHz. In this calculation, k\\ ~  (1 / R)[n + 
mi) is employed, where R is the major plasma radius, i (= l/q with q being the 
safety factor) is rotational transform angle and approximately equal to 1.67 for the 
standard configuration applied in the all experiments. It can be seen that more 
eigenmodes appear at high density. In fact, a high radial mode corresponds to a 
wave with a short wavelength. In order to propagate in the plasma ‘waveguide' 
with fixed boundary in SHEILA, the plasma density has to be sufficiently high.
3.2.4 Effect of E lectron Inertia on the D ispersion R ela­
tion
The finite electron mass term in the equation has been shown to significantly 
affect the dispersion relation and damping of helicon waves in a low density 
plasma [5, 6, 7]. It can be seen, from the inclusion of the electron mass, that the 
electric field of the waves is no longer purely perpendicular. It will take time for 
electrons to cancel the due to the electron inertia and parallel electric fields 
may build up. Including the finite electron mass term, Ohm’s law becomes
Manipulation of the equation and the Maxwell’s equations 3.9 - 3.10 leads to 
the following dispersion relation equation:
it, * d / , m e <9jE — J x Bo/eno + ---- -  —
neez ot
(3.26)
(3.27)
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ne = 8.0x 1 O'8 m
m = + 1
Frequency (MHz)
Figure 3.6: A comparison of helicon wave dispersion relations with and 
without the effect of electron inertia me for the m = 0,±1 modes. The 
plasma parameters are the same as in figure 3.5.
The ‘ - ’ sign corresponds to the fast wave branch. To compare with equation 3.21, 
the electron mass effect is brought in the dispersion relation by eu, which is infinite 
in the case without electron inertia.
In the frequency range of 1 - 50 MHz, two set of dispersion curves are plotted in 
figure 3.6. The k\\ values, with the electron mass effect, for the m = 0, ±1 poloidal 
modes are compared with that for the simple helicon waves (equation 3.21). As 
can be seen, electron mass is also of little importance in this experiment. The 
Hall term still dominates over the electron inertia term and characterizes the 
wave propagation behaviour in the SHEILA plasma.
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3 .2 .5  A n ten n a  L oading M o d el
In order to explain the experimental results of the antenna loading, a theoretical 
model is developed [9] and given here. In an antenna-plasma system, the antenna 
loading is related to the the wave field E by the following formula,
P = = \ ] v - J l dV (3.28)
where P  is the launched rf power, R ant (Rant — Rp +  R v) the antenna loading, 
including radiation resistance Rp and antenna conductor resistance Rv. Iant is the 
antenna current and J* is the complex conjugate of the antenna current density. 
The integral extends over the volume of the antenna.
In the theoretical treatm ent, the antenna is assumed to be immersed in an in­
finitely long cylindrical plasma. There is assumed to be a conducting wall at the 
toroidal field coil radius (6 =  6 cm). All finite electron mass effects are neglected 
so that 6|| =  oo (Ez = 0) and f e = 0, where f e = ijo/<jJce. When an external current 
J e flows along the antenna, the wave equation may be expressed as,
V x V x E =  iujfi0J e +  kg£ • E (3.29)
After a Fourier transform in z to the parallel wavenumber k and taking a Fourier 
series in the azim uthal mode number, m, it is a simple m atter to derive the 
following differential equation for B z,
d2B z 1 d B z
---------1  _|------------------- 1-
dr2 r dr
B z — — flo (V X J e )2 (3.30)
where Jez = 0 has been assumed for the partial-turn loop antenna. In figure 2.5, 
the partial-turn loop antenna of subtended poloidal angle 6a and axial extent A 
is immersed in a uniform magnetized plasma filled waveguide of infinite length 
in z-direction. The azim uthal elements of the antenna current density can be 
described by the following expression,
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^ {<S(r -  a2) -  6{r -  cq)} (3.31)
The 6 - functions are the Dirac delta functions and the function U(x, X\, x 2) is 
equal to unity for X\ < x < x 2 and zero otherwise. After Fourier transformations 
the following expressions for the azimuthal and radial components of the antenna 
current are obtained.
In equation 3.32, the radial component of the current distribution has been ob­
tained naturally by requiring that V • J e =  0.
Equation 3.30 can be solved by the method of Greens functions to yield expres­
sions for the Fourier transform for B z in the three regions, r  <  Gq,cq < r < a2 
and a2 < r. The B r and Be components are related to B z through the following 
expressions,
iirkrA
sin(ra#A/2) sin(/cA/2)I7(r, cq, a2)
•he — ' ^ a/n-. sin(ra#A/2) sin(A:A/2){<5(r — a2) — S(r — Gq)}
mirk A
(3.32)
T 2B r =
i m a
r
m k
r (3.33)
The electric fields are obtained from Faraday’s law,
UJ
Er = - B e  
k
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(3.34)Eb = - J  Brk
The radiation resistance for a given poloidal mode number can be obtained from 
the following expression,
p 2x poo d k
Rp = 7Ö— / do rdr / — Re{ErJ*r + EeJ*e} (3.35)
-/ant 4 0  J - o o  Z7T
If the Fourier transform with respect to k is inverted using the residue theorem, 
the following expression is obtained,
F Y  sin2(m^^/2) sin2(/qA/2) 
P = kfT?A2m 2(dD/dk)k=kl
where
(3.36)
F = T, { a2j'm(T,a2) -  a J m(Tta2) } -  m2 H  dr M i l l
Ja i  V
H  = Ym(Tib) + kiTiY^Tib)
b
D = Jm(T,6) + k T t f jT tb )
0
Y  -  mal [ Jm{Tia2) -  Jm(Tiai) ] + fc/Tj { a2Jm(Tia2) -  aiJm(Ttai) }
- m  P  dr[— Jm(T,r) + a ,7 ) 4 ( 7 » ]
and the subscript / refers to the solutions of D = 0 corresponding to the different 
radial modes.
Equation 3.36 can also be obtained from Poynting’s theorem for zero damping as 
follows,
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Figure 3.7: Plasma loading Rp as a function of poloidal wave numbers for 
the first and second radial modes launched by the half-turn loop antenna in 
SHEILA. In the calculation, a uniform density ne = 8.0 X 1018 cm-3 argon 
plasma with /  = 18 MHz and B0 = 0.14 T are assumed.
1 />2t t  rb
Rp = — -x— / dd rdrRe{EeB* — E tB q) (3.37)
R  ' ' Q
In order to evaluate expression 3.37, one first inverts the Fourier transforms of 
the fields components with respect to k and once again retains only those terms 
obtained from the residue theorem. The resulting expression is given by
4:7TujfioH2F 21 sm2(mOa/ 2) sin2(&/A/2) 
P =  k fT?A *m *(dD /dk) l=kl
where
(3.38)
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I = J \ d r { ( a 1 + kDl— .P jVr)  + T f j ' ^ T r ) ]
, 4maikiTi , /rr
+ -----------Jm(Tir)Jm(Tir)}r
Expressions 3.36 and 3.38 should give identical results. Figure 3.7 (a) and (b) 
plot the calculated plasma loadings as a function of the poloidal modes for the 
first and second radial modes separately. The columns indicate the calculated 
results by equation 3.36. The in the figure indicates the results calculated 
from equation 3.38.
3.2.6 Collisional D am ping
In the above helicon wave theory, no wave damping is considered. In fact, wave 
energy is eventually absorbed by plasma via various damping mechanisms. Gen­
erally, there are two types of damping mechanisms for rf waves to deposit their 
energy, collisionless and collisional damping. The collisionless damping of the 
helicon waves has been extensively investigated by a number of authors both 
theoretically and experimentally. The collisional damping is due to both plasma 
viscosity and resistivity, but viscosity contribution would be appreciable only at 
very high plasma temperature [10]. In this section, however, only the resistive 
damping will be discussed since the plasma temperature in SHEILA is relatively 
low.
Usually, the effect of plasma resistivity on the waves is taken into account by 
adding the term 7/j to Ohm’s law in equation 3.22, where 77 is the plasma (Spitzer) 
resistivity, which is proportional to T~3//2. In the SHEILA situation, however, the 
plasma temperature (a few eV, see figure 5.9) is quite low and the filling gas pres­
sure is relatively high (around 3 mTorr in the experiment). The neutral density 
may thus be significantly high and comparable with the plasma density. There­
fore, in addition to the resistive (Ohmic) dissipation, which is due to collisions 
between electrons and ions, there would be an extra wave energy damping due
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Figure 3.8: Collisional damping length Lcd against u/u)ci for different 
neutral densities in the SHEILA argon plasma with the assumed parame­
ters, ne = 2.0 x 1018 cm-3, Bo = 0.15 T, Te = 4.0 eV, Tt = 2.0 eV.
to the collisions of electrons with the neutral content. Woods investigated the 
resistive damping for a hydromagnetic wave, in which the neutral effect is taken 
into account [10]. In his discussion, partially-ionized MHD plasma equations, 
accompanied by an equation of motion for neutrals and collisions between neu­
trals and ions and electrons, are solved to determine the imaginary part (  of the 
wavenumber k = k\\ + i(. To estimate both the resistive damping and the effect 
of neutrals for helicon waves in the SHEILA plasma, equation (67) in reference 
[10] is used to calculate the wave damping length for a fully-ionized and partially- 
ionized plasmas. The damping length as a function of u;/cjci for several different 
filling gas pressures is plotted in figure 3.8. It can be seen that, above the onset 
of propagation at <jo/ u)ci ~  100, the collisional damping length is about several
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tens of meters. At gas filling pressure p = 5x10 3 torr, the damping could be 
20% higher than that in a fully-ionized plasma.
3 .2 .7  C o o rd in a te  S y stem s
The SHEILA magnetic field can be described by magnetic coordinates (i/>,0o,x) 
[11], where xj; labels surfaces of constant toroidal magnetic flux, 60 denotes the 
magnetic field lines and \  is proportional to the distance along a field line. The 
magnetic coordinate system is the most convenient for theoretical analysis, but 
it is convenient to use the coordinates (r, 9,<j>) in experiment. Here, r is the nor­
malized radial variable r = yj'ip/xpx, where ipx is the value of at the plasma 
boundary, 0 and <j> are the poloidal and toroidal angle variables. In order to 
compare the cylindrical wavefield profiles with the measured profiles in a heliac 
geometry, one can calculate the equivalent cylindrical angles and radii in mag­
netic coordinates as follows. The angular spacing in heliac geometry corresponds 
approximately to equiangular spacing in cylindrical geometry where the areas 
of the sectors subtended in each case are equal. The corresponding cylindrical 
radius of a flux surface gives the same area as that enclosed by the flux surface. 
The loci of constant azimuthal angle along the axial direction of a cylinder are 
assumed to follow the magnetic field lines. This method has been used success­
fully in previous experiments, both in analyzing drift waves and helicon waves in 
SHEILA [12, 13].
3.3 E x p erim en ta l R esu lts
This section reports the experimental results of the helicon waves, excited by the 
electrostatically shielded half-turn loop antenna, and their comparisons with the 
theoretical model described in section 3.2. Subsection 3.3.1 presents measure­
ment of the wavefields as a function of magnetic field Bo. Subsection 3.3.2 shows 
an evidence of the mainly m = 0 and m = +1 poloidal modes excited in this ex­
periment. Subsection 3.3.3 discusses the measured radial structure of the excited
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fields. Measurements of the parallel wavelength are given in subsection 3.3.4. 
Experimental verification of the helicon wave dispersion relation is described in 
subsection 3.3.5. The antenna loading as a function of rf frequency and the other 
plasma parameters is investigated in subsection 3.3.6.
3.3 .1  W ave F ie ld  M ea su rem en ts
Low power helicon waves are excited at 18 MHz and monitored by the three- 
component magnetic probe is located at the 4) =  0° location, 28.6 cm from the 
antenna. The effect of varying the magnetic field B0 on the wavefields is shown 
in figure 3.9. From (c) in the figure one can see that because the ratio Bo/ne 
is approximately constant for B > 0.07 T the plasma density increases linearly 
with B0 in the high field regime.
According to figure 3.9 (a), (b) the three components (Br, Be, Bz) have almost the 
same magnitudes and the phases of the components are constant on the plasma 
axis in the high field regime (B0 > 0.07 T). In the high field regime the magnitudes 
of the wave fields are much larger than that in the low field regime. The constant 
phases in (b) indicate that wave phase velocity v$ does not vary while the ratio 
B0/n e is kept constant. The wavelength measurement in subsection 3.3.4 will 
further confirm this constancy. Combining these informations, one may imagine 
that the waves propagate in the plasma without major changes when the plasma 
parameters vary significantly. The similar magnitudes of the three components 
on the plasma axis and the leading phase of the Bz component to that of the 
others may suggest that the waves are a mixture of m — 0 and m = +1 modes 
since, from the calculation in figure 3.1, that the Br and Be components in the 
m — +1 mode and the B z component in the m = 0 mode are peaked on axis. 
Further evidence will be given to confirm this mode composition.
In the lower magnetic field regime (Bo < 0.07 T), the magnitudes of the wave 
fields are smaller, indicating that the fast waves can not be excited as efficiently 
in this plasma. This is not surprising considering that the radio frequency u / 2ir
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Figure 3.9: The effect of varying the magnetic field Bo on the wavefields. 
(a), (b) show the measured magnitudes and phases of the wavefields on axis 
respectively, (c) gives the dependence of the ratio B o /n e on the magnetic 
field Bo­
l l
= 18 MHz is about twice the lower hybrid frequency of SHEILA plasma, J)h < 10 
MHz, and hence some energy may be coupled into a slow wave.
3 .3 .2  Id en tifica tio n  o f P o lo id a l M od e S tru ctu re
The poloidal mode numbers are determined by two independent methods: radial 
profiles of the wavefields and azimuthal scans of the phases along a poloidal 
contour close to the last closed flux surface. In figure 3.10 is shown the phase of 
Bz as a function of the poloidal angle in magnetic coordinates.
The probe positions in the plasma are chosen in such a way so that the angular 
location in ‘bean’ geometry corresponds approximately to equiangular spacing in 
circular coordinates where the area of the sectors subtended in each case between 
successive probe position are equal. The inset of the figure shows the correspond­
ing measurement points on the flux surface.
The variation of phase with poloidal angle indicates that the waves are dominated 
by a strong m = +1 component with a small phase perturbation imposed on the 
linear variation. The perturbation can be explained a mixture of m = 0 and 
m = +1 modes. This can be substantiated by summing the m = 0 and m = +1 
modes. For a mixture of poloidal modes coexisting in a plasma, the measured 
wave fields would be of the form
b (0) = Y ,  ßm exP (im°) ■ (3-39)
m
If only m = +1 and m = 0 coexist, then, to first order, the measured azimuthal 
phase $ would be [15] the real part of
B l > B° : $(0) = — i ln(exp (iO) +  (3.40)B
B 1
B° > B l : $(</>) = —i ln(—*exp (id) + 1) (3.41)
B
Good agreement between experiment and equation 3.40 is found for B°/ B l = 
0.6 and is plotted in figure 3.10 (solid line). The dominance of m = +1 has
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Figure 3.10: Phase variation as a function of poloidal position at B0 — 0.14 
T. The dotted line represents pure m = +1 phase variation. The solid line 
gives the theoretical prediction of the mixture of m = 0 and m = +1 modes.
The inset indicates the corresponding scan around the outer portion of the 
flux surface and the direction of Bq at the plasma axis.
been confirmed for a variety of plasma geometries in numerous fast and helicon 
wave excitation experiments [13, 17, 18, 19] even though the antenna type is 
entirely different. Based on the above discussion, the conclusion can be made 
that the main contribution to the wavefields (at least in the peripheral region) is 
by m = 4-1.
The phase results for the rest of the azimuthal angle in figure 3.10 are not valid and 
are not shown in the figure since the plasma density dropped dramatically, hence 
the phase was perturbed greatly due to the interaction of the magnetic probe 
with the plasma when it is moved to those azimuthal positions, as discussed in
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Figure 3.11: Comparison of the radial profiles of the measured wave fields 
and the theoretical ones. The measured wave fields are given in the top, (a) 
and (b), while the bottom ones, (c) and (d), show the theoretical prediction 
with a mixture of m — 0 and m — ±1. The left-hand and right-hand graphs 
are for the magnitudes and the phases respectively.
subsection 2.4.2.
3 .3 .3  R a d ia l S tru c tu re  o f  th e  W ave F ie ld s
Radial profiles in equivalent cylindrical coordinates of the amplitude and phase 
of the wavefields are shown in figure 3.11. These results were taken at 0.15 T but 
they are not strongly affected by the magnetic field in the high density constant 
wavenumber regime shown in figure 3.9. Although these profiles consist mainly 
of m  = +1 and m =  0, there is some evidence of m  =  —1 due to the fact 
tha t experimentally Be and B r are not equal on axis. Figure 3.11 (b) shows
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Figure 3.12: Measurements of wave fields at two different sets of plasma 
parameters, (Bo, ne) — (0.14 T, 8.0xl018 cm-3) (top), (0.08 T, 2.0xl018' 
cm-3) (bottom)
the theoretically predicted radial profiles for the first radial eigenmodes. In the 
theoretical treatment, the ratio of the three modes m = +1, m = 0, and m — — 1 
is assumed to be 100 : 60 : 20, and the m — — 1 mode has a 50° leading phase to 
the m — 0 mode while the m = 0 mode has a 70° leading phase to the m = +1 
mode, as expected from the dispersion curves in figure 3.2 or 3.4. The 90u 
poloidal angle difference between the magnetic probe and the antenna has also 
been taken into account in the calculations. According to this comparison, the 
main contributions to this profile are indeed from m = +1 and m — 0 and a small 
contribution from m = — 1 is also evident in agreement with experiment.
It is noted that there is a difference in the phase (f>e between the data and theo­
retical one. The reason for this disagreement is not understood.
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The radial profiles of the magnitudes and phases of the B r,B$<Bz components 
at two steady magnetic fields B0 (0.14 T, 0.08 T) are plotted in figure 3.12 (a) 
and (b). The two profiles are very similar in their shapes even though the plasma 
parameters (B0, ne) are significantly different, as noted in the figure. For the 
two cases, however, the values of ne/Bo  are almost the same. This is consistent 
with the propagation speeds of the waves being the same, as is suggested by the 
helicon wave theory. The waves arrive at the probe with approximately the same 
phase, therefore, a similar wave field pattern appears to the two situations.
3 .3 .4  W a v elen g th  M ea su rem en ts
The parallel wavelength of the waves launched in SHEILA is obtained by com­
paring phase differences between signals measured by three toroidally separated 
magnetic probes and the antenna current signal. B r probes are inserted at the (j) 
= 0°, 15°, 30° ports, all located on the plasma axis. The antenna is at the (j) = 
75° port. Theoretically the m = +1 mode has a peak in the Br component on the 
magnetic axis while the m =  0 mode is zero on axis. Since B r probes are used for 
the measurement, this will eliminate the contribution from the m = 0 mode in 
the results and the measured wavelength will be for the dominant m  = -f l  mode.
When the excited waves are damped the magnitudes of the wave fields arriving 
at the probe from the close side to the antenna are much larger than those from 
the opposite direction, travelling a greater distance around the torus. In fact, the 
measured phases of B r component shown in figure 3.15 have a linear dependence 
on rf frquency, which indicates tha t the wave signal arrived at the probe are 
mainly from the close side and there is no beating effect of the signal which may 
come from the opposite direction. This argument is further supported by the 
measurement of the wave fields per antenna current ( \B\ / /ant) versus rf frequency. 
As is shown in figure 3.13, the \B \ / Iant values drops continuously with increasing 
rf frequency, no significant beating pattern  of two waves from the opposite toroidal 
directions occurs in the experiment.
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F ig u re  3 .13: T he m easured wave fields per unit an tenna current vs rf 
frequency.
Theoretically, the collisonal damping length is about a few to a few tens of meters 
in the SHEILA plasma, as shown in figure 3.8, which is much larger than the 
toroidal circumference. However, the measurements mentioned above have shown 
that the excited wave fields are damped before they propagate along one toroidal 
circle. A number of experiements of helicon wave discharges have also shown 
that the wave energy deposition can not be explained by collisional damping 
only. Boswell [17] and Chen [2] have suggested respectively that an enhanced 
plasma resistivity and Landau damping are responsible for energy deposition of 
helicon waves, in additional to collisional damping.
As previously noted in equation 3.18, to a good approximation in these exper­
iments, the parallel wavenumber k\\ is proportional to the ratio ne/B 0 when
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Figure 3.14: The averaged wavelength in SHEILA.
k\\ <  /c_i_ for a fixed k± and rf frequency. For our conditions, the parallel wavevec- 
tor should therefore tend to a constant at a fixed frequency with increasing B0. 
This theoretical expectation is confirmed by plotting the variation of the aver­
aged parallel wavelength Ay with B0 in figure 3.14. The rf frequency is fixed at 18 
MHz during the measurement. It is clear from the figure that the measured wave­
length is approximately proportional to the B0/n e within experimental accuracy. 
The measured wavelength Ay is about 23 cm in most of the B0 range except for 
the low parameter regime, where the the ne/B 0 values are slightly low, so that 
the wavelength, Ay, is longer, which also agrees with theory. This measurement 
further confirms the validity of helicon wave theory in the current experiment.
It is interesting to know that graphs like figure 3.14 were previously obtained 
for the plasma formation experiments [16] conducted by the double-saddle loop
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Figure 3.15: Verification of the dispersion relation by measuring the phase 
of the wavefields at 0° (O) and 15° (*) with respect to the antenna current.
The solid lines are the theoretical best fit to the data.
antenna described in section 2.3.2. The measured wavelength in those experi­
ments also tended to be constant when B0 > 0.07 T for both argon and helium 
plasma at 7 MHz and 28 MHz respectively. This similarity may indicates that no 
matter what purpose the rf waves are used for, the wave propagation properties 
are governed by the wave dispersion relation and the boundary condition only.
3.3.5 Verification of Wave D ispersion
The dispersion relation, k\\ versus frequency, is verified by measuring the phase 
of the wavefields at the 0° and 15° toroidal locations with respect to the antenna 
current. The rf frequency is varied from 6.5 MHz to 21 MHz while all the other
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plasma parameters are kept constant to within 5% shot-to-shot variation. Br 
probes are located on the plasma axis to detect the wave signals. The distance 
between the two probes allows a resolution of the phase differences of wave signals 
out of the two probes at the lowest frequency 6.5 MHz. W ith this arrangement, 
one is able to obtain the propagation speed parallel to B0 and the phase with 
respect to the source.
The experimental results are plotted in figure 3.15. The best fit to the experimen­
tal data shown in the figure is obtained by assuming that the effective average 
density used in the model (equation 3.18) be 0.85ne(0). For these results, the 
magnetic field was 0.14 T and the central density, n e(0) =  8 x 1018 m -3 on axis. 
It is interesting to see tha t the measurements agree well with the theoretical 
curves except at low frequencies. The discrepancy at the low frequencies is be­
lieved to be caused by a calibration error of the rf phase detector and the other 
electronic systems involved.
3 .3 .6  V aria tion  in  A n ten n a  L oading
In the antenna loading measurements, the tuning circuit is properly matched to 
the plasma for all the data presented here. The vacuum antenna resistance is 
measured and subtracted from the total antenna loading. Frequency and plasma 
density scans of the antenna loading are discussed below, the experimental er­
rors due to shot-to-shot plasma param eter variation (<  5%) are minimized by 
averaging over several shots.
In ICRH an array of phased partial-turn loop antenna elements may be used 
instead of a single element antenna. The wavefields launched by such an array are 
obtained by superposition of those for a single element antenna. This subsection 
aims to investigate the wave-antenna coupling properties of the monopole half­
turn loop antenna in heliac geometry.
In order to treat these results with a certain degree of circumspection, the cal­
culated radiation resistances for various poloidal and radial mode numbers are
80
0.3
E
szo
cn c
TO
O
O
occ
0 )
c
<
0.2
0.1
Total Radiation Resistance : 
(all radial modes) R [m = 0 & + 11
rad L J
0.0
0 10 20 30
Frequency (MHz)
Figure 3.16: The antenna radiation resistance Äraa (or antenna loading) 
as a function of rf frequency. The theoretically predicted results for the m 
= 0, and m = ±1 modes are shown by the labeled solid lines, squares are 
data, these are close to the sum of the radiation resistance of the m = 0, 
and m = +1 modes as indicated.
plotted in figure 3.16 for a plasma density 8.0 x 1018 m-3 on axis and B0 = 0.14 T. 
It is assumed, as before, that the effective average density is given by 0.85ne(0). 
The dominant contribution to the radiated power is from the m = T 1 first radial 
mode. One can see that negligible power is radiated into the first radial mode of 
the m = — 1 wave compared with the first radial ra = +1 and m = 0 modes. The 
total radiation resistance for all poloidal and radial modes is also shown in the 
figure for a comparison.
Measurements are made of the antenna radiation resistance as a function of fre­
quency for a plasma density 8 x 1018 m-3 and B0 = 0.14 T. The results are plotted
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in figure 3.16 (squares). Clearly there is general agreement in both the magnitude 
and frequency dependence of the radiation resistance with the calculated sum of 
the m =  0 and m = +1 first radial mode resistance. Also shown in the figure 
(dotted line) is the total radiation resistance, which includes many poloidal and 
radial modes.
From the radial profiles in figures 3.11 and 3.12 it appears as though the higher 
radial modes are not im portant in the experiment. It may be however that these 
modes are launched by the antenna but are damped before reaching the probe. 
The better agreement with the sum over just the first radial modes is shown 
in figure 3.16 and the experimental result further supports the conclusion that 
the higher radial modes are in fact not excited or at least that their effects are 
negligible.
Further investigation would be required for an understanding of the apparent 
absence of high radial modes in the experiment. For this purpose, a proper 
treatm ent of the plasma boundary region and the radial density profile and even 
the effect of the heliac geometry should be taken into account.
Similarly, figure 3.17 shows a comparison of the experimental and calculated 
radiation resistance at 18 MHz as a function of the density. For comparison the 
density is varied by changing either the RF power in the high power antenna 
responsible for plasma formation or by varying the filling pressure to alter the 
percentage ionization at a given power. In the two scans, the neutral pressure is 
the only difference in the plasma. These results show qualitatively that it makes 
little difference to the measured antenna loading how the plasma is produced.
There is a small difference between the two loading measurements at low plasma 
density; the power scan loading is slightly higher than the filling gas scan one. 
This may be explained by the role of the neutral gases which take part in the 
wave energy dissipation. When the plasma density is controlled by the filling gas, 
the percentage ionization remains high at low density and the neutral content 
is relatively low, but during the rf power scan the filling gas pressure is held 
constant and the neutral content is relatively larger at the low density regime,
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Figure 3.17: Measurements of the radiation resistance versus the plasma 
density ne. The density variation is obtained by either rf power scan 
(square) or filling gas pressure scan (triangle). A line shows the sum of 
the calculated radiation resistance for m = 0, ±1 first radial modes.
where the filling gases are only partially ionized. In a partially-ionized plasma, 
the neutrals may absorb part of the wave energy as described in subsection 3.2.5 
and result in the extra loading compared with tha t from the filling gas pressure 
scan.
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3.4 Sum m ary and E xten sion
3.4 .1  S u m m ary  o f  R esu lts
Fast waves in the frequency range uod <C u> «C u ce are excited in the SHEILA 
heliac plasma with an electrostatically shielded half-turn antenna. Despite the 
complicated heliac geometry, the wave dispersion, field profiles and antenna ra­
diation resistance are described well by a cylindrical uniform plasma theory.
The helicon wave dispersion relation is confirmed by the linear dependence of 
the measured wavelength Ay on ne/ B 0 in the range of most experimental plasma 
parameters, and by the measurements of the phases of the wavefields versus fre­
quency. The excited wave pattern is identified as a combination of mainly two 
poloidal modes, m = 0 and m  — +1, with a small perturbation of m  = —1 
mode despite the fact that many poloidal modes could propagate in the the 
typical SHEILA parameters (see table 3.1). This is further supported by the 
measurements of the antenna radiation resistance. The measured antenna radi­
ation resistance shows that the major part of the rf power is coupled into the 
m = +1 and m = 0 modes in agreement with the theoretical model described in 
subsection 3.2.5.
3 .4 .2  S ca lin g  to  H - l
In SHEILA it is not possible to study wave propagation in hydrogen because 
the available RF power could only attain densities of a few times 101' m-3. It 
is also impossible to perform ICRH experiments since the magnetic field is not 
strong enough to confine the plasma ions with high thermal velocity. The helicon 
wave dispersion, however, does not depend on the ion mass so that a scaling to 
H-l for plasma formation using the present theory ought to be possible provided 
that Lo :> 4u;cl. For ICRH (ion cyclotron range heating), u  ~  2u)cl so that to 
estimate the antenna radiation resistance one has to include the leading terms in 
the dielectric tensor of equation 3.3 which properly take into account the effects
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of finite ion cyclotron frequency. In what follows it is assumed that the antenna 
is a half-turn loop antenna with poloidal strap radii ax = 0.25 m, a2 = 0.27 m 
and width A = 0.04 m located in a cylindrical waveguide of wall radius b = 0.30 
m. Two sets of conditions have been considered for H-l, one typical of a plasma 
formation experiment and the other typical of ICRH.
The dispersion relation for the case of a plasma formation experiment with ne = 8
X 1018 m~3, argon filling gas, Bo = 0.25 T typical of the H-l continuous operation
mode is shown in figure 3.18. Two sets of curves are shown for the poloidal
mode numbers m = —1,0 and +1 first radial modes, one for the simple helicon
model and the other including finite ion cyclotron frequency. Little difference is
evident between the two models so that the results are also independent of the
ion mass for plasma formation in a heavy ion gas. The resultant loading curves
shown in figure 3.19 indicates that a significant antenna radiation resistance is
to be expected in H-l and that the dominant mode is now m = 0 rather than
re tA l iv ^  fo  c.O
m = +1 whilst m = — 1 is poorly coupled under all conditions. In practice 
however for reasons not fully understood the fast wave antenna turns out to be 
an inefficient coupler for helicon waves compared to antennas like the double­
saddle loop antenna and Nagoya type III antennas. Experimental investigation 
of plasma formation with a fast wave antenna in SHEILA (see Chapter 4) also 
proves difficult in comparison to plasma formation using a double-saddle loop 
antenna.
The dispersion relation for the case of ICRH with ne(0) = 8 x 1018 m-3, deuterium 
main species, B0 = I T ,  corresponding to the H-l pulsed mode is shown in 
figure 3.20. In this case there is a noticeable difference in the two models in the 
low frequency regime. The presence of the fast wave cut-off is primarily due to 
the inclusion of finite ion cyclotron frequency effects in the model. Figure 3.2/ 
indicates that a total loading of ~  500 mfi for minority ICRH is to be expected. 
This value can be increased by increasing the radiating area of the antenna. This 
calculation is an over-simplification, however, if mode conversion is involved in 
the wave damping process and is flawed if the damping is so low that toroidal
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Figure 3.18: The dispersion relation, vs frequency, for the H - 1 argon 
plasma with the parameters: Bo = 0.22 T, ne = 8 x l0 18 m-3 and major 
radius R = 1 m.
Bo = .22 T 
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Figure 3.19: The resultant antenna loading curves for the conditions of 
figure 3.18.
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eigenmodes can form.
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Figure 3.20: The dispersion relation, k\\ vs frequency, for H - 1 deuterium 
plasma with the parameters: Bq = 1.0 T, ne = 8 x l0 18 m~3 and major 
radius R = 1 m.
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Figure 3.21: The resultant antenna loading curves for the condition of 
figure 3.20.
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C hapter 4
H elicon  W ave P lasm a  F orm ation
by T w o D ifferent A n ten n as
4.1 In trod u ction
Double-saddle loop antennas have been extensively studied for helicon wave ex­
citation in magnetized columns [1, 2, 3, 4]. A version of this type of antenna 
described in section 2.3.2 has also been used in SHEILA to produce a plasma 
density up to 3.0 x 1019 m-3. In this chapter, the combined use of two antennas, 
an unshielded partial-turn antenna and a double-saddle loop antenna, is investi­
gated for plasma formation and antenna-wave coupling. The two antennas are fed 
either by one rf driver (phase locked) or two rf independent drivers (one for each). 
An investigation of plasma formation using the two antennas will be presented 
in section 4.2. In section 4.3 dependence of radiation resistances of the two 
antennas on plasma parameters will be compared. In section 4.4, measurements 
of the wave fields excited by the two different antennas will be presented and 
discussed. Finally, in section 4.5 an estimation of particle confinement time will 
be considered.
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4 .2  P la sm a  F o r m a tio n  E x p e r im e n ts
In this work, the SHEILA plasma is generated by either the double-saddle loop 
antenna alone or a combination of two antennas. This provides a comparison 
of the SHEILA plasma density generated by the two different methods. As will 
be shown, the density is mainly produced by the double-saddle loop antenna 
while the other antenna, which could not form or sustain plasma on its own, only 
provides a small perturbation to the density, depending on the phasing of the two 
antennas. The double-saddle loop antenna is located as before at the 0 = 120° 
port. The unshielded half-turn loop antenna is installed at the <f> = 150° port 
and replaces the Bz component magnetic probe, which was previously used for a 
poloidal scan of the wave fields excited by the electrostatically shielded half-turn 
loop antenna. The axial separation of the two antennas is about 11.5 cm.
In the plasma formation experiment, a low level rf signal is divided and amplified 
separately by two amplifier chains. There are approximately 2.7 kW and 4.8 kW 
rf power available respectively from the two amplifiers. Since part ( P ioss) of the rf 
power can be lost in the matching circuits, the rf powers discussed in this section 
will distinguish between P ant ,  the power coupled into the plasma and P p ,  the 
total power applied to the matching circuit, where P ^ t = P p  - Pioss- The power 
(P a n t)  coupled into plasma can be calculated by
P a n t  —
Prad
P rad ~t~ P i
P p
where P rad and Rv are the plasma loading (or antenna radiation resistance) and 
the vacuum loading respectively.
4.2.1 D ependence of D ensity  on RF Power and A ntenna  
Phasing
Plasma density is plotted in Figure 4.1 as a function of the sum of the rf powers 
coupled into the plasma by the double-saddle loop and partial-turn loop antenna.
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Figure 4.1: Variation of density on axis with rf power for the combined 
use of the two antennas (curve (1)) and for the double-saddle loop antenna 
alone (curve (2)). RF power on x-axis is the sum of the rf power coupled 
into both antennas. Pant on the top axis is the rf power coulped into the 
unshielded-partial turn loop antenna.
The coupled rf powers were obtained by measuring the plasma and vacuum load­
ings of the two antennas, which will be discussed in section 4.3, and by discounting 
the dissipated powers on the matching cricuits. For these measurements, the rf 
powers applied to the double-saddle and unshielded partial-turn loop antenna are 
fixed at 4.8 kW and 2.7 kW respectively, the magnetic field B0 is 0.14 T, and the 
filling gas pressure is 3 mTorr.
The double-saddle loop antenna alone (curve (2) in figure 4.1) displays a char­
acteristic behaviour: after a slow initial rise the density increases dramatically 
with rf power This behaviour is common in helicon wave plasma discharges
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[1, 2, 3, 4, 5], and it has been suggested [1, 3, 4, 7, 8] that the antenna-plasma
coupling at low density is mainly capacitive while the coupling at high density is
predominantly inductive. From curve (1), it can be seen that the plasma produced
f*£>c <■* S<v4dU- colt
by the two antennas has a similar dependence on the power.^The contribution 
of the unshielded partial-turn loop antenna to the plasma density is relatively 
small and indicates tha t the unshielded partial-turn loop antenna has a lower 
plasma formation efficiency. Consideration of the radiation resistances of the two 
antennas given in section 4.3.3 will confirm this argument.
For the measurements in figure 4.1 the currents in the two antennas are phased 
to obtain the highest density, which occurs at a phase difference of 4-90°. In 
fact, the partial-turn loop antenna can have a negative effect on the generated 
plasma density, depending on the phase difference of the two antenna currents. 
Figure 4.2 shows dependences of the density and the B r component of the excited 
wave fields on the relative antenna phasing. The density and the magnitude and 
phase of the B r component of the wave fields vary sinusoidally with the phasing 
and have their values maximized at +90° and minimized at -90°.
From these measurements one can see that the unshielded partial-turn antenna 
only provides a small perturbation to the density and the excited wave fields. The 
sinusoidal variation of the density may be due to modulation of the antenna near 
fields instead of propagating waves, as suggested in section 4.4. Comparing (a) 
with (c), it can be seen tha t the wavefield phase and the density have a similar 
dependence on the antenna phasing and the relative variation of the wavefield 
phase and the density, b^Brl&Br and 6ne/ n e, are proportional to each other as 
expected.
4.2.2 D ependence of P lasm a D ensity  on Filling Pressure
Figure 4.3 plots the plasma density as a function of filling gas pressure while 
rf powers applied to the double-saddle antenna (2.7 kW) and to the unshielded 
partial-turn loop antenna (4.5 kW) are kept constant. The density increases
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Figure 4.2: Effect of the phase difference of currents on the two antennas 
on the density and the excited wave fields, (a) for the density variation, 
(b) and (c) for the variations of the magnitude and phase of the wave fields 
separately. In (c) ’+ ’ and the solid line for the measured and calculated 
phase. The wavefield phase is referred to the phase of the double-saddle 
loop antenna current. The magnetic field Bo = 0.14 T. The rf powers 
applied to the double-saddle and unshielded partial-turn loop antenna, Pj,  
are fixed at 2.7 and 4.8 kW respectively. The magnetic probe is inserted 
at the <f> — 0° port.
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with the filling gas pressure to a maximum then drops. This behaviour is similar 
for both magnetic field values illustrated. The sharp rise at low pressure may 
correspond to a transition of capacitive to inductive discharge as mentioned in 
subsection 4.2.1.
In the rising density regime, the ionization percentage of the gas in the discharge 
is, on an average, between 37 % (at 0.25 mTorr) and 67 % (at .5 mTorr) for curve 
(1). Under these conditions, it will be shown that the total electron collision fre­
quency v (v = ven + vei) is close to the rf frequency, the condition for maximum 
collisional damping, where ven and ve{ are the electron-neutral and electron-ion 
collision frequencies respectively, here it is assumed that the wave energy is dissi­
pated in the plasma only for the ionization of gas and collisions between electrons 
and ions. The required electron collision frequency v for a maximal power de­
position on the plasma, and therefore, a maximal ionization percentage can be 
deduced as follows.
For a one-dimensional uniform plasma the wave-generated electrical current J  in 
a plasma can be described as [9]
J  = itoijJ2 - - E (4.1)
H ioz 4- vL
where eo is the vacuum dielectric constant, co2e and uj are the plasma and wave 
angular frequency respectively, E is the wave electrical field, ven = nnaenvth, and 
vet = rii(jeiVth, where nn and rq (~ ne) are neutral and ion density, aen and crei 
denote electron-neutral and electron-ion collision cross-section respectively, and 
uth represents the electron thermal velocity.
The dissipated power is
P = l- R e ( J - E ' )
ifow jp/ 2
LÜ2 + V 2 (4.2)
Taking the derivative of the power against iq one can obtain a value of the v 
which allows the highest wave energy deposition via the collisional damping. It
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Figure 4.3: Variation of density on axis with filling gas pressure for the 
combined use of the two antennas and the double-saddle loop antenna alone.
2.7 kW and 4.8 kW are applied to the double-saddle loop antenna and the 
partial-turn loop antenna respectively, but the maximal powers coupled 
into the plasma are approximately 1.8 kW and 0.85 kW accordingly. The 
dotted line represents a fully-ionized density.
is found that when v (=  uen +  vei) =  u  the absorbed power P  will be maximized. 
Assuming the plasma tem perature Te is 5 eV, the electron collision frequency v 
in the density rising regime is between 10 xlO 6 radian/s and 40 xlO6 radian/s, 
which are slightly lower than, but quite close to the wave angular frequency (~  44 
xlO 6 radian/s, at 7 MHz). It is noted that collisionless damping, such as Landau 
damping, may also participate in the wave energy deposition into the plasma and 
affect optimization of the plasma parameters for a high density plasma. A theory 
on helicon wave plasma discharge including Landau damping has been discussed 
in detail by Chen [9].
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The decrease of the density in the high pressure regime may be explained by the 
shortened electron mean free path Amfp ( =  1 /n ncren). In fact, the value of Amfp 
is <  27 cm when gas pressure is >  1.4 mTorr, above which the density starts 
to decrease. Considering that the toroidal distance between the double-saddle 
loop antenna and the Langmuir probe is about 44 cm, the density decrease with 
the increasing pressure in the regime may be because the energy of the ionizing 
electrons is reduced before they arrive at the probe location and the plasma 
generated by the antenna may be mainly close to the antenna.
4.2.3 D ependence of D ensity  on M agnetic Field
The variation of the radially averaged plasma density with the magnetic field B0 
is shown in figure 4.4 for both the double-saddle loop antenna alone and the use 
of the two antennas. These results are obtained by varying the m agnetostatic 
field B0 only while the filling gas pressure is fixed at 3.0 mTorr and the rf powers 
on the double-saddle loop antenna and the unshielded-half turn loop antenna are 
2.7 kW and 4.8 kW respectively.
As shown in the figure, the plasma density increases almost linearly by an order 
of magnitude to 1019 m~3. This linearity should be expected from the dispersion 
relation described in section 3.2.2 where it was dem onstrated that the ratio of 
the density to the magnetic field Bo has to be a constant to satisfy the SHEILA 
boundary condition. This requirement is also needed for the plasma production 
case.
There is little difference between the two curves in the figure, as seen. This 
indicates that plasma density generated by helicon waves in SHEILA is always 
linearly related to the magnetic field B0 regardless of the antenna used to pro­
duce the plasma. Comparing the two curves, one can see tha t the double-saddle 
loop antenna still plays the m ajor role in plasma formation, particularly at high 
magnetic fields.
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Figure 4.4: Variation of density on axis with magnetic field Bq for the com­
bined use of the two antennas and the double loop antenna alone. Filling 
gas pressure is fixed at 3 mTorr.
4 .2 .4  D e n s ity  P ro file  M ea su rem en ts
Measured density profiles are shown in figure 4.5 and figure 4.6. Figure 4.5 plots 
the profiles for various rf powers on the double-saddle loop antenna while B0 is 
fixed at 0.15 T. Figure 4.6 shows the profiles for various B0. RF power applied 
to the unshielded partial-turn loop antenna is fixed at 4.5 kW in both cases. The 
two figures show that the densities are centrally peaked in both cases. It can also 
be seen that the density profiles in figure 4.5 have almost the same shape while 
the profiles in figure 4.6 are slightly flattened at the low magnetic fields compared 
with that in the highest field. The flattened profiles at these low B0 values may 
be due to a reduced confinement of the magnetic field. Since the neoclassical
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Figure 4.5: Radial density profiles at various rf power.
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Figure 4.6: Radial density profiles at various magnetic fields B q .
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cross-field diffusion coefficient for a magnetized plasma is proportional to 1/F?q, 
the plasma particles may diffuse away from the central region easily at the low 
fields. The constant shape of the profiles in figure 4.5 is consistent with a constant 
confinement capacity of the magnetic held since the B0 is fixed at 0.15 T for the 
various rf power levels. It was noted [11] that the ponderomotive force may be 
actively involved in the determ ination of the radial profile in the helicon wave 
plasma production experiments, and the different azimuthal modes of the excited 
waves will induce different transport patterns. For a further understanding of 
the measured profiles here, a close comparison of theoretical and experimental 
profiles is needed.
4.3 A n ten n a  R ad ia tion  R esista n ce  M easu rem en ts
4.3 .1  In tro d u ctio n
Measurement of radiation resistance, or antenna loading, can provide some in­
formation on antenna-wave coupling properties of an antenna and assists under­
standing the mechanisms of wave energy deposition in a plasma. In this section, 
the radiation resistances for the unshielded partial-turn loop antenna and the 
double-saddle loop antenna are discussed. Variations of the radiation resistances 
with plasma parameters are presented for both the antennas. The RF frequency 
for both the antennas is primarily fixed at 7 MHz. These measurements were 
carried out under constant matching network conditions for each param eter scan 
except as otherwise indicated, rather than retuning for every point on the scan. 
This is justified by reflected power (Pr) measurements indicating only a small 
mismatch, Pr/Pf  <  5%. The radiation resistance in vacuum, or Rv, for both the 
antenna is measured without the existence of plasma. It is found that for the 
double-saddle loop antenna the Rv ~  1.0 ft at /  =  7 MHz, and for the unshielded 
half turn loop antenna the Rv ~  0.37 at 7.01 MHz and 0.65 H at 18 MHz 
respectively.
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Figure 4.7: The measured radiation resistance (after subtraction of R v) of 
the double-saddle loop antenna as a function of the magnetic field Bo. The 
plasma density dependence is also plotted. The rf power applied is 2.7 kW 
and the filling pressure is 3 mTorr.
4.3.2 R adiation R esistance for the D ouble-Saddle Loop 
A ntenna
The variation of radiation resistance (Rp) with the magnetic field Bo for the 
double-saddle loop antenna is shown in figure 4.7. The measured plasma density 
is given in the same figure. The radiation resistances do not vary much with the 
scan except for low magnetic fields, where small loading values are obtained when 
the density is very low, followed by a jump which corresponds to a kick-up in den­
sity. This sudden increase in radiation resistance is reproducible and occurs at 
approximately B0 = 0.055 T. According to reference [10], there is Landau damp-
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Figure 4.8: The radiation resistance of the double-saddle loop antenna ver­
sus the filling gas pressure (top). The bottom one gives the corresponding 
plasma density.
ing of the excited helicon waves in this parameter regime of the SHEILA plasma. 
The sudden increase in the loading may reflect the wave energy deposition into 
the plasma via Landau damping.
Figure 4.8 shows the variation of the radiation resistance as the plasma density 
is varied by varying the gas filling pressure. This measurement is taken when 
the magnetic field B0 is fixed at 0.15 T and the density variation is obtained 
by varying gas filling pressure only. As shown, the radiation resistance increases 
monotonically with filling gas pressure. There is no tendency of the loading to 
decrease when the density drops dramatically at high filling pressure. This could 
be explained by the fact that an even higher density is generated and localized 
around the antenna area, as discussed in section 4.2.2. The helicon wave could
c
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0
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Figure 4.9: The radiation resistance of the unshielded partial-turn loop 
antenna at 7.01 MHz as a function of the magnetic field Bq. The density 
dependence is also plotted.
be still launched with high efficiency with the high k\\ as expected from theory. 
The localized density would not be seen by the Langmuir probe since the mean 
free path is reduced at high filling pressures and the plasma may not ionize all 
the way around the machine (there are indications of this from visible light in 
some cases). In addition, neutrals may participate in the rf power absorption, as 
discussed in chapter 3 for the electrostatically shielded partial-turn loop antenna 
and contribute to the measured loading.
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Figure 4.10: Radiation resistance of the unshielded partial-turn loop an­
tenna as a function of plasma density with parameters of Bo = 0.15 kG, /
= 7.01 MHz.
4.3.3 R adiation R esistance for the U nshielded Partial- 
Turn Loop A ntenna
Scans of antenna loading with plasma parameters are also made for the unshielded 
partial-turn loop antenna. To compare with figure 4.7 for the double-saddle loop 
antenna, the radiation resistance as a function of magnetic field for the unshielded 
partial-turn loop antenna is shown in figure 4.9. As can be seen, the loading is 
also flat against the magnetic field Bo and is much smaller than that of the double 
loop antenna. If one defines the coupling faction of rf power as
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F igure  4.11: Frequency dependence of antenna loading of the unshielded 
partial-turn  loop antenna with param eters of Bq = 0.15 T , ne = 1 .2 x l0 1”
Power coupled into Plasma Rraa
Total Power on Antenna Rraa + Rv
where Rraa, Rv are the measured radiation resistance and vacuum loading of 
antenna respectively. By this method about 17% of total rf power is being coupled 
into the plasma by the unshielded half-turn loop antenna, while the double-saddle 
loop antenna couples 60% percent of rf power into the plasma.
Dependence of the antenna loading on the plasma density is shown in figure 4.10. 
This dependence is similar to that for the double-saddle loop antenna. That the 
antenna loadings increase with the plasma density in both situations indicates 
that high density favours antenna-plasma coupling regardless of geometry of the
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antennas. Comparing this with figure 3.17 for the shielded half-turn loop antenna, 
it appears that most of the loading is real and is not parasitic.
The loading at 18 MHz is also measured for the same plasma parameters. The 
data are given in figure 4.11. These results show that the antenna has a higher 
radiation resistance at high frequency in the SHEILA plasma. This measurement 
is consistent with that of the shielded partial-turn loop antenna discussed in 
chapter 3.
4.4 W ave F ield  C om parisons
In order to compare the wave fields excited by the two different antenna, two rf 
drivers are used for each of the antennas with their frequencies being set at slightly 
different values, 7.010 MHz for the partial-turn loop antenna and 6.960 MHz for 
the double-saddle loop antenna or otherwise respectively. The two drives are also 
set at different pulse durations. Figure 4.12 gives an example of time sequence 
of these durations, where a pulse of 17 ms is used for the unshielded partial- 
turn loop antenna and 9 ms for the double-saddle loop antenna and the pulse 
of longer duration totally overlaps that of shorter duration. This technique aims 
at an understanding of plasma production mechanism of helicon waves. These 
slightly different frequencies should not cause a significant difference in Landau 
damping of helicon waves. The mechanism of Landau damping is believed by a 
number of authors to be responsible for the high efficiencies of plasma production 
in helicon sources [2, 6, 10, 9. 17 J
Wave signals with the two different frequencies are detected by magnetic probes 
and separated by connecting the reference input of the rf detector to either of 
the rf source signals. In this way, signals at the required frequency will be picked 
up while signals with the different frequency will be filtered out by filters in the 
detector described in figure 2.15. Since both the signals may have a comparable 
magnitude and the two frequencies are very close, there may be some beating 
effect of the two frequency signals added to the DC outputs of the required
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Figure 4.12: Time Sequence of the plasma discharge. The top curve and 
the bottom curve are the forward voltage signals of the directional couplers 
connected to the unshielded partial-turn loop antenna and the the double 
saddle-loop antenna separately. These signals indicate the timing of the rf 
pulses of the two antennas. The middle curve displays the duration of the 
density.
frequency signal. It is found however tha t this beating perturbation is small 
as long as the frequency difference is more than a few tens of kHz and can Fe 
easily eliminated by taking the average of the DC outputs so that the experim ent 
remains linear. The plasma density should be allowed to vary with the variation 
in instantaneous power caused by the beats.
The radial profiles of the individual wave fields from the two antennas are shown 
in figure 4.13. These measurements are taken at B 0 = 1.4 kG, ne = 1 .3 x l0 19 m ~3. 
The rf powers are 4.8 kW and 2.7 kW for the unshielded partial-turn loop antenna 
and the double-saddle loop antenna respectively. Since the double-saddle loop an-
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Figure 4.13: Measured radial structures of the wave fields excited by the 
double-saddle loop antenna with Ft = 2.7 kW of rf power (a) and by the 
partial-turn loop antenna with Ft = 4.8 kW of rf power (b). Bo = 0.14 T, 
the filling gas pressure is “2 mTorr, the probe is located 0 = 0°
tenna has a higher coupling efficiency, compared with the unshielded partial-turn 
loop antenna, as discussed in section 4.3, the excited wave fields have relatively 
high magnitudes even though less rf power is applied to the double-saddle loop 
antenna. Fig. 4.14 presents a scan of Br component fields over a large range 
of plasma density. As shown, the measured wave fields from both the antennas 
increase with the plasma density, but the fields excited by the double-saddle loop 
antenna are always larger than the fields launched by the other antenna. The 
ratio of the wavefields squared is approximately equal to the ratio of the antenna
powers; y60/17 ~  1.9 providing futher evidence that the power is coupled to the 
waves.
"A- A
O- - -£>-
- -o - o -  -
109
5 .0 x 10 1.0x10
Plasma Density (m -3)
1.5x10
Figure 4.14: Br component of the wavefields as a function of density for 
the double-saddle loop antenna (curve (1)) and the unshielded partial-turn 
loop antenna (curve (2)). The density variation was obtained by varying 
the filling gas pressure only and Bo = 0.14 T. The frequencies and the rf 
powers and the magnetic probe location remain the same as that for figure 
4.13.
It is also interesting to note that the plasma density decays away immediately 
after turning off the double loop antenna regardless of the existence of the wave 
fields of 2.0 Gauss (on axis) excited by the unshielded partial-turn loop antenna, 
as shown in figure 4.12. It is found that there is no difficulty to obtain a plasma 
with a density above 5x 1018 m -3 in SHEILA by the double-saddle loop an­
tenna alone with wave fields of less than 2 Gauss. In view of this, one may 
doubt the importance of the propagating wave fields for plasma production in 
this experiment. The plasma still extinguishes even when the fields excited by 
the partial-turn loop antenna have almost the same am plitude as that from the
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double-saddle loop antenna. Comparable fields were obtained by applying ap­
proximately 10 kW of rf power to the unshielded antenna. Since there should 
not be any significant difference of physical mechanisms for the propagating wave 
fields with the slightly different frequencies in generating plasma and since the 
mode structure of the propagating waves is similar for both antennas, one may 
suggest that in this experiment the propagating helicon waves is of little impor­
tance in plasma production. The SHEILA plasma may be primarily generated 
by the near fields of the double loop antenna.
In the case of rf power ~  10 kW, the unshielded partial-turn loop antenna can 
produce a plasma in SHEILA unaided, but the density is at least a factor of fifty 
smaller than that produced by the double-saddle loop antenna and is only just 
discernible to the Langmuir probe. To understand the role of the near fields of 
the double-saddle loop antenna in producing a plasma, further study is required. 
Such an investigation is presently being conducted in WOMBAT [12], by time 
resolved spectroscopy.
4 .5  E s t im a t io n  o f  P a r t i c l e  C o n f in e m e n t  T im e
The wave beating technique described in subsection 4.4 may also be used in 
estimating the particle confinement time in SHEILA. When the two antenna have 
a slightly different rf frequency, the plasma density will be perturbed. Figure 4.15 
shows one of the wave beating discharges with a small different frequency. It 
is found that the fluctuation amplitude decreases with the beat frequency as 
expected. This technique may be used to measure particle confinement time as 
been done in the previous plasma dynamic response experiments [14, 15, 16]. 
Figure 4.16 plots the relative fluctuation of the density (Sne/n e) as a function of 
the frequency difference. The 3 dB frequency (Sne/n e ~  l/>/2) corresponds to a 
particle lifetime of approximately 100 (is. This result is very close to the value 
of the confinement time estimated from the density decay time of the SHEILA 
plasma, which is around 130 (is.
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Figure 4.15: Plasma density fluctuation due to the beating of the waves on 
the two antennas. Rf frequencies on the double-saddle loop and partial-turn 
loop antennas are 7.0000 MHz and 7.0014 MHz respectively.
Beating Frequency (KHz)
Figure 4.16: Relative fluctuation of the plasma density versus beating 
frequency.
112
4.6 C o n c lu s io n
From the measurements discussed above, one may conclude: (i) the combined use 
of the two antennas makes only a small difference in the plasma density, compared 
with that by the double-saddle loop antenna alone. In all the discharges the 
densities are peaked on axis, a more desirable situation than if the plasma was 
generated only at the edge of the configuration where the near fields are strongest.
A sinusoidal variation of the density with relative phasing of the two antennas is 
observed, but a further study is needed for understanding this phenomenon.
(ii) The radiation resistances of the two antennas are measured and compared.
The results show that the double-saddle loop antenna has a high antenna-wave 
coupling efficiency relative to its conductor loses, compared with the unshielded 
half-turn loop antenna. For the double-saddle loop antenna there is about 60 % of 
rf power coupled into the plasma while the unshielded-partial turn loop antenna 
only couples about 17 % of the total rf power into the plasma.
(iii) The wave fields excited by the two antennas are also measured and compared.
The ratio of their amplitudes squared agrees with the ratio of their coupled pow­
ers. A maximum field of 3.2 Gauss (on axis) was excited by the double-saddle 
loop antenna when 1.9 kW power was applied. The unshielded partial-turn loop 
antenna excited a wave field of 2.0 Gauss (on axis) when 0.76 kW rf power was 
applied. Fields of comparable amplitude to the double-saddle loop antenna fields 
were also excited in subsequent experiments with applied rf power near 10 kW.
In contrast to the double-saddle loop antenna, the wave fields excited by the un­
shielded partial-turn loop antenna have never maintained a plasma or produced 
a density to a discernible level to the Langmuir probe. This may suggest that the 
travelling waves play little role in the plasma production and the high efficiency 
of the plasma generation of the double-saddle loop antenna is primarily due to 
the role of its near fields. This conclusion differs from previous claims [6, 1CM7] 
that Landau damping play a key role in the plasma formation process because,
at least in principle, Landau damping is not antenna dependent.
113
B ib liog raphy
[1] R. W. Boswell, Plasma Phys. Controlled Fusion, 26, 1147 (1984).
[2] A. Komori, T. Shoji, K. Miyamoto, J. Kawai, and Y. Kawai, Phys. Fluids 
B3, 839 (1991).
[3] R. W. Boswell, R. K. Porteous, Appl. Phys. Lett. 50 (17), 1130 (1987).
[4] R. W. Boswell, A. J. Perry, and M. Emami, J. Vac. Sei. Technol. A7 (6), 
3345 (1987).
[5] R. McWilliams, D. Edrich, R. C. P latt, and D. P. Sheehan, Rev. Sei. Instrum. 
61 (11), 3460 (1990).
[6] P. Zhu and R. W. Boswell, Phys. Rev. Lett. 63, 2805 (1989).
[7] A. J. Perry and R. W. Boswell, Appl. Phys. Lett. 55 (2), 148 (1989).
[8] A.J. Perry, D. Vender, and R.W. Boswell, J. Vac. Sei. Technol. B 9 (2), 310 
(1991).
[9] F. F. Chen, Plasma Phys. Controlled Fusion, 33 (4), 339 (1991).
[10] P. K. Loewenhardt, B. D. Blackwell, R. V. Boswell, G. D. Conway and S. 
M. Hamberger, Phys. Rev. Lett. 67, 2792 (1991).
[11] R. L. Dewar and V. Petrzilka, subm itted in Australian J. of Phys.
[12] A. R. Ellingboe, R. W. Boswell, J. P. Booth, N. Sadeghi, ‘Electron Beam 
Pulses produced by Helicon-Wave Excitation1, subm itted to Physics of Plas­
mas.
114
[13] J. -M. Moret and Equipe Tore Super, Nuclear Fusion, 32 (7), 1241 (1992).
[14] J. -M. Moret and Equipe Tore Super, Nuclear Fusion, 32 (7), 1241 (1992).
[15] C. M. Bishop, J. W. Connor, M. Cox, et al., in Controlled Fusion and Plasma 
Research (Pro. 16th Eur. Conf. Venice, 1989) 1131.
[16] DE WIT Th. Dudok, B. Joye. J. B. Lister, J. -M. Moret, in Controlled Fusion 
and Plasma Heating (Pro. 17th Eur. Conf. Amsterdam, 1990) Vol. 14B, Part 
I, European Physical Society (1990) 187.
P  74 P* K. L *ew e/rv k cwottr £5 P . <vm(. %S. M. Hcvw ,n
Plasm a CcmtV. p-ns.Vn 3 J 2 2 cj  — 2. 5 4  £ < 0 9 S J
115
C hapter 5
D riven  C urrents: E xp erim en t 
and T h eory
5.1 In trod u ction
Toroidal currents are always of interest in a stellarator. Usually, stellarators 
avoid any DC current in the plasma since it will introduce an extra magnetic 
field and may degrade the original magnetic field configuration, which is formed 
by external currents and carefully designed. However, some toroidal currents or 
toroidal components of currents are inevitable. These currents result from plasma 
equilibrium, like bootstrap current [1, 2, 3, 4], Pfirsch-Schlüter current [5] and 
diamagnetic current [6]. Currents may be also generated by an external plasma 
heating source, such as radio-frequency (RF) fields [7, 8, 9, 10] and neutral beam 
injection power [11, 12].
Radio frequency current drive has been extensively studied in toroidal fusion 
devices both theoretically and experimentally. This non-inductive current drive 
technique is widely considered as one of the essential methods to overcome the 
physical lim itation of ohmically heating a high tem perature plasma since plasma 
resistivity is proportional to T ~3//2 and ohmic heating becomes inefficient in high 
tem perature plasma, and since ohmic heating can only be operated in pulse.
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Almost all ranges of RF frequencies have been studied for current drive in fusion 
plasmas [7, 8, 13, 14, 15, 16]. Lower hybrid (LH) waves have shown very high 
efficiency in the current drive [17, 18]. Fast wave current drive (FWCD) has 
received recent attention due to better accessibility of fast waves to a plasma core 
with a high density. The FWCD technique has been performed in a number of 
toroidal devices [15, 19, 20, 21]. It was found that the density limit for FWCD 
can be a factor of 5 - 6 higher than that for LHCD [21], while their current 
drive efficiencies are comparable [20]. Recently, non-resonant radio frequency 
current drive has also been actively studied [22, 23, 24, 25]. According to these 
studies, ponderomotive force may have a significant effect on plasma transport 
and may drive a current in plasmas. This current is associated with a non­
resonant ponderomotive force, and is based on the wave momentum dissipation 
and wave helicity injection in plasmas.
In this chapter, the non-resonant current will be specifically investigated while 
resonantly-driven current, formed by high energy particle beams which result 
from wave-particle resonance due to Landau damping [47, 48], will be ignored. 
This is because non-resonant current is based the simple existence of rf wave 
fields, which is always the case in this experiment, while the resonant current 
may be generated only when certain typical conditions of plasma parameters are 
satisfied. Even if the resonant current is produced, it should be added to the 
non-resonant current only at some conditions, rather than over the large plasma 
parameter ranges scanned.
Bootstrap currents are connected with the existence of magnetically trapped par­
ticles in a nonaxisymmetric toroidal plasma. In a hot plasma, bootstrap currents 
are even considered as a current source for steady state operation of a future 
fusion tokamak reactor since a significant current is expected by theoretical pre­
diction, and obtained in experiments [26, 27, 28, 29, 30, 31]. The Pfirsch - Schlüter 
current is required by charge neutrality, and obtained from plasma equilibrium 
equations in a toroidal system. This current should give almost zero net current 
in the toroidal direction. Since the equilibrium current is quite small compared
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with the ohmic current in a tokamak, it is difficult to measure the current di­
rectly. However, this current has been measured easily in a stellarator as there 
is usually no huge ohmic current in this type of systems. A direct measurement 
of the Pfirsch - Schlüter current has been reported in a number of current-free 
toroidal plasma systems [26, 27, 32, 33, 34].
In this chapter, section 5.2 describes the theory for non-resonant rf driven current 
and gives the calculated results for the SHEILA plasma. A physical picture 
of the neoclassical current is given in section 5.3. Numerical evaluation of the 
neoclassical current in SHEILA is also presented. Experimental measurement of 
the toroidal DC currents in SHEILA are shown in section 5.4 and the results are 
discussed. Section 5.5 provides the conclusion for this chapter.
5.2 T heory  o f  N on -reson an t C urrent D rive by  
H elicon  W aves
The general form of ponderomotive force in a two-fluid plasma was developed 
by Klima [35]. The application of the theory to the problem of wave-induced 
transport and current drive has been discussed by a number of authors [22, 23, 
24, 35]. A time-averaged macroscopic equation can be derived to describe non­
resonant wave-driven current.
One uses a cylindrical coordinates r, 6, z, alternatively, a coordinate system with 
unit vectors er, ex = e\\ x er, e|j = B0/i?o, where Bo is the magnetostatic field. 
Letting Eo label the the quasi-steady electric fields, and E and B designate HF 
electric and magnetic fields respectively, u>ce and loc\ indicate, respectively, the 
positive electron and ion cyclotron frequencies, and v\ represent the electron 
and ion collision frequencies, Te denotes the electron temperature, and p de­
notes the plasma pressure. Considering a plasma consisting of single-charge ions, 
electrons and possibly neutral particles, the time-averaged electric current and 
plasma transport are governed by the following equations according to Klima and
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Petrzilka [22],
Eif
Joy = — ,m
(5.1)
Ft x e,|
L " B0 '
(5.2)
ET x en + ^  F t
Bo T’
(5.3)
Fjf = 0) (5.4)
where jo and V m designate, respectively, the time-averaged electric current den­
sity and plasma mass velocity, subscripts || and _L refer, respectively, to compo­
nents parallel and perpendicular to the unit vector, ey, f]\\ and 77_L are, respectively, 
resistivities parallel and perpendicular to the steady magnetic field. The symbols 
E r and FT are defined by the expressions,
ET = E0 + F; -  V.P:en0 Rto), (5.5)
Ft = poEo + F -  V.PT, (5.6)
where n0 and p0 are, respectively, the time-averaged plasma number and charge 
densities, Rt0 is the thermoforce, P r = P j + P j  is the total pressure tensor, F 
represents the force, Fe + F,-, where Fe and F,-, defined by the expression,
F» = K  + R“" + R“ (5.7)
are, respectively, the time-averaged force densities resulting from the ponderomo- 
tive force, F£, as the result of collisional friction with neutral particles, R q11 and 
from ionization, R “0. The quasi-steady electric field is
E0 = Edez -  V(/)0, (5.8)
where Ed = const, corresponds to a dc toroidal electric field and 0O is the time- 
averaged electrostatic potential.
These equations have been used for a discussion of non-resonant current drive by 
helicon waves [24, 23, 25], where it was assumed that all time averaged quantities 
are constant along the 2 - axis which coincides with the plasma column axis,
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magnetic surfaces of the magnetostatic field are concentric cylinders, values of 
the electron and ion temperature and plasma density do not depend strongly on 
the poloidal angle; these assumptions are used also here. The toroidal component 
of the electric density joz is then given by the following equations, where all 
quantities are averaged over the magnetic surface and the symbol of averaging 
over the magnetic surface is omitted [22],
J  Oz
Bt
B0
Oz •
Jo||
Boe .
V 0x'
J02 Boo F Boi p' eBonorn \  Bo B0 a )  B 2 dr
In Eq. (10), the first term represents the Ohmic current and its contribution 
will be negligible in this experiment as discussed in section 5.4, the second term 
contains ponderomotive forces of the RF field and is given by the time aver­
aged force composed from the poloidal and toroidal force components along the 
magnetostatic field. The last term is essentially the diamagnetic current. Since 
B0e gives zero when integrated over the whole plasma cross-section, the pressure- 
driven diamagnetic term may be cancelled for the SHEILA heliac magnetic field 
geometry.
Boe dp
(5.9)
(5.10)
For a stationary state, the forces Fj and F„ fulfill the following equation
Fi,, -  e||.(V.P?) = en.(V .Pl) -  Fe||, (5.11)
where
P j  = P a + manaU aU a, (5.12)
q = e, i, P a is essentially the thermal pressure tensor, n0U a is the time averaged 
particle flux density.
The ponderomotive forces F^e), which are parts of the forces Fj(e), are given by,
Flz  = H “ 0 Re
Flo = E £ A°(r>m< *) - 2^
id_
r dr
d
r j . A - E ;  +
u  eo >
T I r2j a,A -E ‘e + TT)dr
(5.13)
(5.14)
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where a = i, e, symbols denoting averaging over the polar angle 9 are omitted, Aa 
is the RF power density absorbed by the given particle sort from the m, kz mode, 
tjpa is the Langmuir frequency, j aj are the oscillating currents and E\ denotes 
the oscillating electric field of the waves. In the following, It is considered that 
the wave propagation is governed by the cold plasma dielectric tensor [36]; 
and that the electron-ion collision frequency vei is smaller than the wave angular 
frequency a>. Landau damping is represented by an effective collision frequency 
^LD [ 3 T ]
The non-resonant rf driven current for the SHEILA plasma has been estimated 
and the dependences of the current on the plasma density, the magnetic field and 
the wave frequency are shown in figure 5.1, 5.2, 5.3 respectively. The radial 
profile of the current is given in figure 5.4. In these estimations, a cylindrical 
plasma with a ramp radial profile is assumed; the plasma temperature equals 
5 eV; and an m = + l azimuthal helicon wave is considered and the maximum 
electrical field of the waves is 2 kV, which are consistent with the measurements. 
From these figures we can seen that the helicon wave driven current are around 
a few amperes in SHEILA, depending on the steady state magnetic field and 
plasma density. The current profiles are centrally peaked with an opposite sign 
and a much smaller magnitude at the outer regime.
5.3 T h eoretica l R esu lts  for N eocla ssica l C ur­
ren ts
The neoclassical current consists of the Pfirsch-Schliiter component and the boot­
strap component. In a toroidal system, the diamagnetic current Jj_ = B x V p/B 2 
flows helically, perpendicular to magnetic field B. Since the magnetic field 
strength changes along the diamagnetic current streamline, the divergence of 
Jj_ is nonzero and a parallel current, the Pfirsch-Schliiter current, is required to 
maintain charge neutrality in steady state. This current is of alternating sign 
along a field line for neutralization of charges and has therefore poloidal angle
121
-4
- 3  r
0 2 4 6
Density (X1 0 19 m-3)
Figure 5.1: Dependence of the RF driven current on the plasma density, 
B0 = 0.1 T, F max = 2000 V/m, m — +1, Te = 5 eV and f  = 7 MHz.
Magnetic Field (T)
Figure 5.2: Dependence of the RF driven current on the magnetic field 
B0, ne — 8 X 1018 m-3 , F max = 2000 V/m, m = +1, Te — 5 eV and /  = 
7 MHz.
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Figure 5.3: Dependence of the RF driven current on the wave frequency, 
Bo = 0.1 T, ne = 1 x 1019 m-3 , F max = 2000 V/m, m = +1 and Te = 5 
eV.
- 2 0 0
- 1 5 0
- 1 0 0
Plasma Radius (cm)
Figure 5.4: Radial Profiles of the RF driven current, Bo = 0.1 T, fsmax = 
2000 V/m, m = +1 and Te = 5 eV, Curve 1 - 5 correspond to the density 
ne = 2 x 1019 m "3, 1.5 x 1019 m~3, 1 x 1019 m "3, 8 x 1018 m~3, 1 x 1018 
m-3 in sequence.
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dependence.
The bootstrap current is formed by a parallel force balance between the viscous 
force and friction force along the magnetic field line. In collisionless regime, 
plasma particles may sample the magnetic field inhomogeneity within a collision 
mean free time. The plasma will experience a viscous opposition to flow in the di­
rection of the inhomogeneity. This results in a viscous opposition to the poloidal 
current in axisymmetric torus and tends to slow down the current. However, the 
equilibrium diamagnetic current has a poloidal component. In order to elimi­
nate this poloidal diamagnetic flow, an additiona' parallel current, the
bootstrap current, is needed, which has an poloidal component opposite to the 
poloidal diamagnetic flow and cancel it. This current is the bootstrap current 
and has a uni-direction along the magnetic field line.
The above physical description of the neoclassical current is based on the mo­
mentum and heat flux balance equations. This current can also be explained by 
investigating motion of plasma particles in a toroidal system. When particles 
move toroidally around magnetic axis in a radius R, the major radius, they will 
sense a curvature drift with a speed of vc, (= Fcx B / ß 2), where F c is centripetal 
force, F c = mujjR//?2. Since a magnetic field gradient V B  always exists in a 
toroidal device practically, these particles will also experience a gradient drift 
Vg, (= Fg x B / B 2), where F5 = - /iVR, [i — - mv]_/2B is magnetic moment. 
These will force the plasma particles to drift upward or downward in poloidal 
cross-sections, depending on signs of the particle charges. To cancel the electrical 
field built up by these particles, a parallel current must flow along a steady state 
magnetic field line. Since a magnetic field line is twisted helically, the flowing 
current alternates its direction along the field line. This procedure results in the 
Pfirsch-Schliiter current.
From particle motion point of view, the bootstrap current arises from trapped 
particles and the momentum exchange between the trapped particles and passing 
particles in a non-uniform toroidal plasma. The trapped particles bounce between 
magnetic field ripple and trace out ‘banana’ orbits. Due to the gradient of plasma
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pressure and the finite width of the banana orbits, there would be a net current 
at any radial point. This current is then enhanced when the passing particles 
collide with the trapped particles and transfer their momentum to the trapped 
particles.
The theoretical approach to the neoclassical current has been developed by many 
authors for both axisymmetric [1, 2, 4, 38, 39, 40] and non-axisymmetric toroidal 
plasmas [41, 42]. Experimental observations of the currents have not only been 
reported in tokamaks, but also in other toroidal devices, such as in stellarators 
[26, 31, 44], Octupole [27], and Heliotron E [43]. Theoretical analysis has shown 
that the bootstrap current in non-axisymmetric systems may be significantly 
different from those in axisymmetric systems since the helical magnetic field in 
non-axisymmetric systems [41, 42], such as stellarators, will also contribute to 
the current and could even alter the current direction [42]. Even though, the 
equations for axisymmetric systems has been used to approximate the currents 
in stellarator plasmas and good agreements have been obtained between theory 
and experimental results [26, 43, 44]. This agreement may be because the ap­
proximations, et, Ch <C 1 is valid in most of the cases. Here, e*, ek are toroidal 
and helical magnetic field modulations in a stellarator. These approximations 
will also be assumed for SHEILA and the theory for an axisymmetric system will 
be used to evaluate the neoclassical current in SHEILA and to compare with the 
experimental results.
In an axisymmetric system, the Pfirsch Schlüter current can be described as [45],
where i ( =  1 /q with q being safety factor) is rotational transform angle, B  the 
magnetic field, dp/dr  radial gradient of plasma pressure, 9 poloidal angle. The 
parallel current is bi-directional and proportional to the pressure gradient. A 
net zero value for the equlibrium (Pfirsch-Schliiter and diamagnetic) currents 
should be expected while taking integral across poloidal cross section. Since the
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Figure 5.5: Radial profiles of the Pfirsch-Schliiter current in SHEILA at 
the three different density, ne = 2 x 1019 m-3 , 1 x 1019 m-3 , 5 x 1018 
m-3 . In the calculation, Bo = 0.1 T and Te = 5 eV are used.
Pfirsch-Schliiter current results from equilibrium, there is no frequency depen­
dence appears in the formula. The radial profile of the current for SHEILA is 
plotted in Fig 5.5.
The bootstrap current has been derived analytically [1, 2, 4] for axisymmetrical 
toroidal plasmas with different collisionalities. In SHEILA the plasma is normally 
operated at high density and low temperature (see Table 2.1 or Fig. 5.9) and this 
corresponds to the fluid and plateau regime according to the neoclassical theory. 
As it is known, the bootstrap current in the plateau regime is proportional to 1/ v f  
while the current in the fluid regime is proportional to \ j ( v f ) 2 [27], where v f  ( = 
vei/2 \/2  with vei being Coulomb e-i collision frequency) is the Braginski frequency, 
therefore, the current in the fluid regime is very small and negligible, compared
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with that in the plateau regime. It is also noted that the bootstrap current 
may still be significant in the fluid regime if there is a tem perature gradient in 
a toroidal plasma. This has been predicted by Stringer [3] and demonstrated 
in Proto-Cleo stellarator [26]. However, the plasma tem perature in SHEILA is 
quite flat across the plasma radius (please see figure 5.9) and the pressure-driven 
'boo tstrap ’ current in the SHEILA high density regime can therefore be neglected. 
The bootstrap current in plateau regime is given by [46],
JB ~  -2 .78
r neTe 
R2B0 v f (1 +
T ri T'
— —  +  2.29^f +  1.5
f  J- e Tle e
T[ ] 
Zef fTe J (5.16)
where Te, T*, ne denote electron and ion tem perature, and density respectively. 
(') labels for radial gradient d /dr .  Zej j  is effective charge number. 77, r, B0 are 
major and minor plasma radius and magnetic field respectively.
To evaluate the neoclassical currents described in equation 5.15 and 5.16 for 
SHEILA, the following assumptions are taken: Tt = 0; Te equals 5.0 eV and is 
uniform across the plasma radius. The density (ne) and pressure P  profiles are 
of a form of (1 — ( r /a ) 2)2. These assumptions are very close to the experimental 
situations. A value of i ~  1.3 is used, which corresponds to a standard magnetic 
configuration in SHEILA.
Figure 5.5 shows the Pfirsch-Schliiter current profile along the SHEILA equatorial 
chord, and the current profile at a few different plasma densities is evaluated. The 
calculated bootstrap current is plotted in figure 5.6 and figure 5.7, which show 
the dependence of the current as a function of the plasma density and the radial 
profile of the current. From figure 5.6 one can see that the bootstrap current 
is independent of plasma density in plateau regime for a fixed B0 and the other 
given parameters. From these numerical results, one can see that the Pfirsch- 
Schlüter current, the bootstrap current and the non-resonant rf driven current 
discussed in the preceding section have comparable values. A mixture of these 
currents should be expected from the experimental measurements.
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Figure 5.6: Dependence of the bootstrap current on the plasma density in 
SHEILA at the three magnetic field values: Bo = 0.05 T, 0.1 T, 0.15 T, 
corresponding to curve (1), (2), (3) respectively, and Te = 5 eV.
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Figure 5.7: Radial profile of the bootstrap current in SHEILA, Bo = 0.1 
T, Te = 5 eV and ne = 2 x l0 18 m-3 .
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5.4 C urrent M easu rem en t and D iscu ssion
The toroidal current in SHEILA is detected by two Rogowski coils, the bean­
shaped and round coils, which are discussed in section 2.4.6. The large bean 
coil measures the net toroidal current at the 240° port while the small round 
coil measures the radial profile of that current. The round coil can be located 
at either the 30° or the 210° ports. The plasma is produced by the double­
saddle loop antenna and the propagation property of the excited helicon waves 
are discussed in references [47, 48, 49]. Some aspects of plasma formation and 
antenna-wave coupling are discussed in chapter 4.
For these measurements, the magnetic field is in the standard configuration so 
there is no variation in the magnetic geometry when Bo and the other parameters 
are varied. It is noted that the vertical component of the magnetic field may 
induce a toroidal current in the plasma due to the pulsed operation of the SHEILA 
magnetic field, but several different analyses show that the current induced in way 
is negligible, as discussed in section 2.4.6.
5.4 .1  D ep en d e n c e  o f  C urrent on  D e n s ity
The dependence of the total circulating current on the plasma density is plotted in 
figure 5.8. Here, plasma density is varied by varying the gas filling pressure only. 
The magnetic field and the RF power are fixed at 0.1 T and 3 kW respectively. 
It can be seen that the current changes direction while the plasma density scans 
a range from 1.3 x 1018 to 7.6 x 1018m-3. The alternation of the current direction 
may suggest that the main physical dynamos, which drive the current at the high 
and low density regimes, are different. The turning point (zero current) may 
correspond to a balance of these driving forces. The signs for the current in 
the figure refer to (and have the same sense as) the direction of the magnetic 
field.
For the density range scanned, the collision frequency vei varies approximately 
from 7.3 x 10b s-1 to 4.3 x 107 s_1 for the lowest and highest density respectively.
129
0 2 4 6 8
Plasma Density (x1018 mT3)
Figure 5.8: Dependence of the measured toroidal current on the plasma 
density in SHEILA, the sign of the current refers to the direction of the 
magnetic field. In the measurement, Bo = 0.1 T, Prf is about 3 kW.
According to neoclassical theory, the plasma experiences a transition from a in­
termediate collisionality (plateau regime) to a high (fluid regime) collisionality. 
As it is seen from the sections 5.2 and 5.3, the ponderomotive force may drive a 
current with a few amperes at high density, decreasing to a much smaller value 
at low density. In contrast, the bootstrap current has a comparable value to 
the measured current at the low density and it is negligible at the high density. 
From this one may speculate that the measured current may result from these 
two mechanisms respectively at the high and low density regimes. Not only is 
the magnitude of the measured current close to the theoretical predictions, but 
so is the current direction. At high density there are more particles carrying wave 
energy, being driven around and forming a current, but at low density there are
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more plasma particles being trapped, tracing out banana orbits and generating a 
significant toroidal current.
5 .4 .2  H e lico n  W ave D riv en  C urrent at H igh  D en sity
The plasma parameter dependence of the current at high density regime is inves­
tigated and the current as a function of the magnetic field in figure 5.10. Note 
that the density and the temperature vary as the magnetic field is increased. The 
correspondences of the density ne and temperature Te to the magnetic field B0 are 
given in figure 5.9. In order to limit the confusion from the low density current, 
the magnetic field Bo is limited to between 0.07 T and 0.15 T and the plasma 
density is kept higher than 6 x 1018 m-3. From this measurement one can see
Q-B --E3—
Plasma Radius (cm )
-  -  - O
---------------O ----------------------^  "
Plasma Radius (cm )
Figure 5.9: Measurements of the plasma density and temperature at B0 = 
0.06, 0.09, 0.115, 0.14 and 0.18 T respectively, Prf is fixed at about 3 kW.
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Figure 5.10: The measured toroidal current as a function of the magnetic 
field Bo for opposite directions of the magnetic field. The corresponding 
plasma density and temperature may be found in figure 5.9. Theoretically 
predicted rf driven currents are also shown, the dotted and dashed lines 
for the currents across the whole cross section and in the central region 
(0 < r < a/2).
that the measured current decreases slightly from 5 A to 3 A when the magnetic 
field increases. The current has the opposite direction to the magnetic field and 
the direction of the measured current alters when the magnetic field is reversed.
In figure 5.10, the theoretical calculation of the current is given for two cases: the 
RF current driven by ponderomotive forces in the central region (0 < r < a/2) 
of SHEILA (dashed line); and the current in the the whole cross section of the 
radius a (dotted line). It can be seen that the calculated currents in the central 
part are closer to the data.
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As the terms proportional to d/dr  are dominant in this central part, the driven 
current 1(0 < r < a/2) has an opposite sign to the wavevector k and the magne­
tostatic field Bo. In the boundary region for r > a/2, usually a slightly greater 
current but of direction parallel to B0 follows from the computations. But if 
one assumes that the measured current is the current driven in the central part. 
This would be similar to the situation with currents driven by lower hybrid waves 
in tokamaks, where an opposite current driven by large N\\ in the boundary re­
gions also follows from computations, but this opposite current never has been 
observed, for reasons which are not clear. A simple explanation for this phe­
nomenon in SHEILA may be that current is driven by the helicon wave more 
effectively near the axis, where the density is higher. The measured profile of the 
helicon wave fields in figure 4.13 is broader than that of the measured density in 
figure 4.6. The high fields in the central region overlapped with the density may 
play the main role in current drive.
In this calculation, the Coulomb e-i collisions is considered as the mechanism of 
the energy dissipation. The electric field amplitude at Bo = 0.115, for example, is 
assumed to be 7 kV/m. The assumed amplitude is an approximate average of the 
the measured fields (deduced from B measurement) between those near to the 
antenna (at toroidal angle <j) = 150°) and those at the magnetic probe location 
(</> = 0°). For other values of B0, the measured field slightly varies. It should 
be mentioned that the plasma resistivity in SHEILA may have an uncertainty to 
a large extent due to the effect of the high neutral content and other unknown 
reasons. It could be argued that the value 7/|| in Eq. (10) should be chosen to fit 
the experimental results. Here, however, the calculation of 7/|| is based on average 
values of the measured plasma parameters. The part of the averaged current 
proportional to B0e is omitted here, as it approximately cancels in the SHEILA 
heliac geometry.
It is noted that the waves launched by a single antenna usually propagate away 
from the antenna in both directions in a toroidal plasma. In SHEILA symmetrical 
launching may however not be necessarily the case because of high collisionality
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of the plasma interaction between the helicity of the excited wave modes and the 
helicity of the SHEILA geometry. This may result in the wavevector k dominating 
in one direction over the other or the wave fields are more heavily damped in one 
direction having travelled further than the other when they arrive at the magnetic 
probe location. The details of this asymmetry are still under investigation. It is 
also noted that the resonant high energy tail electrons driven by Landau damping 
may form a current [15, 48, 50] as well. However, the current generated by this 
mechanism requires a detailed study which is beyond the scope of this thesis.
Magnetic Field (T)
Figure 5.11: Dependence of the measured toroidal current on the magnetic 
field. The plasma density is restricted below 4 x l0 18 m~3 in the scan. The 
dotted line is the theoretical values with Te = 5 eV used.
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Figure 5.12: The profile of the measured toroidal current with B0 = 0.1 
T, and ne = 2 X 1018 m-3. Dotted line gives the predicted combination of 
the Pfirsch-Schliiter and bootstrap current.
5 .4 .3  N e o c la ss ic a l C urrent at Low d en sity
As it can be seen in figure 5.8, the measured current in the low density region has 
about the same value as in the high density region. When the plasma is operated 
at the low density region (ne < 5.3 x 1018m-3), the current driven by wave fields 
should be smaller than that in the high density region by a factor of 5 - 6 according 
to Eq. (10). The large current observed at low density can only be explained 
by the involvement of other mechanisms. The bootstrap current could be one of 
the candidates which are responsible for the current source. In order to confirm 
this conjecture, the dependence of the total toroidal current on the magnetic field 
and its radial profile are measured at low density and shown in figure 5.11 and
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5.12 respectively. The plasma density is limited below (ne < 4 x 1018m -3) to 
minimize the effect of the RF driven current. In the magnetic field scan, the 
plasma density has a linear dependence on the Bo, which is similar to that in the 
high density. From figure 5.11 one can see that the total toroidal current is close 
to the predicted bootstrap current at high magnetic field.
The measured profiles in figure 5.12 can be explained by a mixture of two currents, 
a uni-directional and bi-directional current. If one considers the uni-directional 
and bi-directional currents as the bootstrap current and the Pfirsch-Schliiter cur­
rent, a reasonable agreement between theory and the data can be obtained, sug­
gesting that toroidal current in the low density regime are essentially due to 
parallel transport in the SHEILA plasma driven by the plasma pressure gradient. 
A similar current profile was observed in the Proto-Cleo stellarator [26], where 
the measured current also consists of the Pfirsch-Schliiter current and the boot­
strap current, but the bootstrap current was mainly due to the plasma pressure 
gradient rather than the plasma density gradient in this experiment.
5.5 Sum m ary
In summary, a toroidal plasma current in the SHEILA heliac plasma has been 
observed and the current reverses its direction when the plasma density varies, 
which roughly corresponds to a plasma collisionality scan from the plateau regime 
to the collisional regime. The zero current point may indicate a balance between 
the ponderomotive force drive of the excited waves and plasma pressure gradi­
ent drive. Comparisons with theory indicate that the current in the high density 
regime is associated with the non-resonant, helicon wave driven current, while the 
net toroidal current at the low density may be associated with the neoclassical 
parallel transport in SHEILA. The measured profile shows that the toroidal cur­
rent consists of two components, the bi-directional and uni-directional currents. 
By decomposing the current, the two components have close values to and the 
same signs as the Pfirsch Schlüter current and the bootstrap current respectively.
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The measurement of the current in SHEILA is not only of its own interest and 
importance to the understanding of the involved physics, but also is it of great 
interest to the H-l experiment at the ANU, and to other heliac or stellarator 
devices. Preliminary experiments on H-l have also measured a significant toroidal 
current up to 30 A [51], when a similar method is used for plasma formation. 
Even though the physical mechanisms of the current are still under investigation, 
and more accurate and detailed measurements are necessary, toroidal currents in 
the heliac systems do exist even when a simple antenna (not a phased array) is 
involved in plasma production! In order to ensure that the heliac system will 
satisfy its expected benefits in the study of thermonuclear plasma equilibrium 
and stability, care must be taken, and plasma-pressure driven current, or plasma 
transport induced current has to be taken into account in analysis.
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